Modelling the oral uptake of chemicals : the role of plastic, passive diffusion and transport proteins by O'Connor, I.A.
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
The following full text is a publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/133632
 
 
 
Please be advised that this information was generated on 2017-12-05 and may be subject to
change.
 1 
 
 
 
 
Modelling the oral uptake of chemicals:  
the role of plastic, passive diffusion and 
transport proteins 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ISBN: 978-94-6259-386-2 
O`Connor I.A., 2014, Modelling the oral uptake of chemicals: the role of 
plastic, passive diffusion and transport proteins. PhD thesis, Radboud 
University Nijmegen, the Netherlands.  
© 2014 Isabel O`Connor, all rights reserved.  
 3 
 
Modelling the oral uptake of chemicals:  
the role of plastic, passive diffusion and 
transport proteins 
 
Proefschrift 
 
ter verkrijging van de graad van doctor  
aan de Radboud Universiteit Nijmegen 
op gezag van de rector magnificus prof. dr. Th.L.M. Engelen,  
volgens besluit van het college van decanen  
in het openbaar te verdedigen op maandag 8 december 2014  
om 12.30 uur precies 
 
door 
 
Isabel Anne O`Connor 
geboren op 7 januari 1985 
te Luzern, Zwitserland 
 
 
 
 
  
Promotoren: 
Prof. dr. ir. A.J. Hendriks 
Prof. dr. M.A.J. Huijbregts 
Prof. dr. A.M.J. Ragas (OU) 
Copromotor: 
Dr. K. Veltman (University of Michigan, Verenigde Staten) 
Manuscriptcommissie: 
Prof. dr. ir. D. van de Meent 
Prof. dr. A.P. van Wezel (UU) 
Dr. J.L.M. Hermens (UU) 
  
 5 
 
TABLE OF CONTENTS 
CHAPTER 1: Introduction  .................................................................................. 7 
CHAPTER 2: Meta-analysis of plastic water partition coefficients and 
consequences for the risk assessment of plastic marine debris  ......................... 19 
CHAPTER 3: Relative importance of microplastics as a pathway for the transfer 
of persistent organic pollutants to marine life .................................................... 43 
CHAPTER 4: Predicting oral uptake efficiency of chemicals in mammals: 
combining the hydrophilic and lipophilic range ................................................ 67 
CHAPTER 5: Relating kinetic parameters of human intestinal influx 
transporters to molecular properties of pharmaceuticals and environmental 
contaminants ...................................................................................................... 91 
CHAPTER 6: Including carrier-mediated transport in oral uptake prediction of 
nutrients and pharmaceuticals in humans ........................................................ 111 
CHAPTER 7: General discussion and synthesis .............................................. 137 
APPENDIX 2 ................................................................................................... 149 
APPENDIX 3 ................................................................................................... 187 
APPENDIX 4 ................................................................................................... 207 
APPENDIX 5 ................................................................................................... 211 
APPENDIX 6 ................................................................................................... 221 
SUMMARY ..................................................................................................... 243 
SAMENVATTING .......................................................................................... 249 
ABOUT THE AUTHOR ................................................................................. 255 
ACKNOWLEDGEMENTS ............................................................................. 259 
 
  
Chapter 1: Introduction 
7 
 
 
CHAPTER 1 
 
 
 
 
INTRODUCTION 
   
Chapter 1: Introduction 
8 
 
1.1. BACKGROUND 
We produce thousands of chemicals for our daily life. These chemicals are 
intentionally or unintentionally released into the environment. After emission, 
the chemicals and/or their metabolites distribute between air, surface waters and 
soils. There some chemicals degrade, while others persist longer and are 
transferred to plants, humans and other animals, potentially inducing toxic 
effects. Many industrial or agricultural chemicals were originally thought to 
have beneficial properties, but later turned out to be problematic for the 
environment and human health. Examples include industrial organic chemicals 
such as flame retardants, e.g. polychlorinated biphenyls (PCB), and pesticides 
such as dichlorodiphenyltrichloroethane (DDT) and lindane [1-4].   
First initiatives and legislations to regulate harmful chemicals were started in 
the 1970s and were followed by additional legislations. Examples include the 
Toxic Substances Control Act from 1976 and the Pollution Prevention Act from 
1990 by the US EPA [5-6], the Canadian Environmental Protection Act (CEPA) 
of 1988 [7], and the Act on the Evaluation of Chemical Substances and 
Regulation of Their Manufacture from 1973 in Japan [8]. However, chemicals 
do not respect national borders and regulations between countries were 
harmonized by institutions such as e.g. the Organization for Economic Co-
operation and Development (OECD) [9-10] and the United Nations 
Environment Program [11]. In 2006, Europe introduced a new legislation for 
chemicals called “Registration, Evaluation and Authorization of Chemicals” 
(REACh) which required registration of all chemicals produced or imported into 
the European market: “no data, no market” [12]. REACh requests from the 
manufacturers and importers to proof that the production, use or disposal of 
their chemicals poses no danger to the environment and human health. The 
higher the production volume of the chemical, the more information is required 
for the registration of the chemical of concern. 
REACh further harmonized the methodology to perform the human and 
environmental risk assessment across Europe. Similar to the legislation in the 
US or Canada, risk assessment follows a tiered approach consisting of four parts 
[13]. First, the hazard of the substance is indentified, i.e. whether the chemical 
can cause toxic effects or not. If it does, the concentration in the environment is 
quantified based on the amounts released to the environment, the partitioning 
and the degradation behavior of the chemical. For humans, also the exposure, 
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i.e. the intake through e.g. food is estimated. Subsequently, the effect of a 
chemical for humans and ecosystems is quantified on the basis of toxicity data. 
Finally, the risk is characterized based on a comparison of the predicted 
environmental concentration with a predicted no effect concentration (PNEC) to 
determine the potential to cause adverse effects in humans and ecosystems.  
Measurements provide an option to determine the exposure and the effects of a 
chemical on a specific organism. However, there are practical, ethical and 
financial restrictions that make it impossible to test each of the hundred 
thousands of chemicals produced for all the species to be protected [14]. 
Therefore, REACh promotes the 3R principle: “Replacement, Reduction and 
Refinement of laboratory animal use” by using alternative strategies such as in 
vitro studies or modeling approaches [15].   
 
1.2. TOXICOKINETIC MODELING 
CONCEPT 
Toxicokinetic models estimate the concentration in an organism based on the 
chemical concentration in the environment [16-18]. Such models are based on a 
mass balance approach where the different uptake and elimination routes can be 
considered individually. The organism can be represented using one or multiple 
compartments. In physiological based toxicokinetic (PBTK) models, usually 
multiple compartments are identified to describe the chemical concentration in 
different organs such as the liver, blood, or any other tissue of concern [19]. 
Thus, multi compartmental models allow the estimation of chemicals in special 
tissues, but often require many parameters that are unknown and/or difficult to 
estimate. In contrast, one compartment models require fewer input parameters 
without losing substantial prediction power when modeling internal 
concentrations [20].  
One-compartment models usually take into account different uptake and 
elimination routes.  For example, a chemical can be taken up by inhalation, 
ingestion or by absorption through the skin. Analogously, the organism can 
eliminate the chemicals by exhalation, egestion and/or through the skin (See 
Figure 1.2). It is usually assumed that these uptake and elimination rates depend 
on diffusive and advective transport processes. In addition, the chemical 
concentration can be reduced by biotransformation and if the organism is 
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growing or reproducing, by growth dilution. All these processes influence the 
concentration of the chemical in the organism, and are usually described with 
first order rate constants.   
BIOCONCENTRATION, BIOACCUMULATION AND THE ROLE OF 
HYDROPHOBICITY 
Bioconcentration is the concentration reached in the organism as a result of the 
chemicals’ partitioning between the environment and the organism itself and is 
typically used for aquatic organisms. Bioaccumulation is similar to 
bioconcentration but additionally includes chemical uptake through food. 
Biomagnification occurs if the uptake by food is the major uptake route, and 
leads to a (lipid-based) enrichment of the chemical in the organisms compared 
to the (lipid-based) concentration in its food [21]. Empirical data have 
demonstrated that bioconcentration and bioaccumulation generally increase with 
increasing chemical hydrophobicity. The octanol-water partition coefficient 
(Kow) is often used to describe hydrophobicity, and is commonly applied to 
predict bioconcentration, bioaccumulation as well as other uptake and 
elimination processes [18, 22-23]. In the case of oral uptake efficiency, it was 
observed that for xenobiotics the relationship with Kow follows a bell shaped 
curve (Figure 1.1): the uptake efficiency increases with increasing Kow until it 
reaches a maximum at roughly logKow≈0. The increase in uptake efficiency 
reflects the increasing diffusive membrane permeability of the chemical with 
increasing hydrophobicity [24-25]. For chemicals with logKow>0 the uptake 
efficiency is high and constant due to the high permeabililty through water and 
lipid layers, but decreases again for chemicals with logKow>6-7. It is not fully 
understood yet what causes this decrease: either the low water solubility of the 
chemicals leads to a low diffusive flux through the water layers in the intestinal 
lumen and cytoplasma, or the large size of these chemicals hinders membrane 
permeation [18, 26-28]. In addition, Figure 1.1 demonstrates the difference in 
research focus of different fields: while pharmaceutical sciences have mainly 
been interested in hydrophilic chemicals, environmental sciences mainly 
focused on hydrophobic chemicals up to now.  
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Figure 1.1 Relationship between logKow and the uptake efficiency of chemicals when 
ingested together with food. Data from [29]. 
Toxicokinetic models in environmental sciences were originally developed for 
modeling stable hydrophobic chemicals in various species, and validation 
studies showed its good performance for such chemicals [20, 30]. However, 
there is a need to extend these models to other chemicals, especially organic 
chemicals that are biotransformed, and organic chemicals which are less 
hydrophobic (e.g. logKow<3). Furthermore, additional uptake and elimination 
routes need to be added in order to deal with new scenarios such as the pollutant 
uptake through ingestion of marine plastic debris. These important 
shortcomings in toxicokinetic models are addressed in this thesis and will be 
introduced below.  
 
1.3. PROBLEM SETTING  
CHEMICAL TRANSFER VIA PLASTIC DEBRIS 
Enormous amounts of plastic waste are produced every year and released into 
the environment [31]. Plastic waste degrades only very slowly such that an 
increasing amount accumulates in the oceans every year [32]. It has been shown 
that marine species such as fish and seabirds mistake the plastic particles for 
food and ingest them, leading to starvation or injuries in the gastro intestinal 
tract [33-34]. For example, researchers found plastic particles in the intestinal 
tract of 66% of the Mediterranean seabirds that were analyzed [35]. 
Furthermore, it has been shown that persistent organic pollutants (POPs) 
Environmental pollutants 
 cow 
O rats 
∆ humans 
 
Pharmaceuticals 
▲humans 
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absorbed to the plastic can be transferred to the species [36]. It is, however, 
unknown whether the chemical transfer via plastic debris is important compared 
to other uptake routes [37]. 
ORAL UPTAKE OF HYDROPHILIC CHEMICALS  
For humans and other terrestrial mammals, the uptake of non-volatile chemicals 
occurs predominantly through ingestion. Up to now, environmental models 
mainly included hydrophobic chemicals, and much less is known about the oral 
uptake of hydrophilic chemicals (see also Figure 1.1 for “environmental 
pollutants”). In contrast, researchers in the pharmaceutical fields are often 
dealing with hydrophilic chemicals due to the hydrophilic nature of many 
pharmaceuticals. It has been noticed that Kow alone is not sufficient to predict 
the uptake of hydrophilic chemicals and other descriptors have been suggested 
[38-39].  
CARRIER­MEDIATED TRANSPORT 
Most toxicokinetic models dealing with oral uptake of chemicals assume that 
the uptake occurs by passive diffusion through water layers and membranes [18, 
40]. However, there are examples of e.g. pharmaceuticals where it is known that 
the uptake strongly depends on carrier-mediated uptake [41-42]. Also 
polybrominated diphenyl ethers (PBDEs), used as flame retardants in various 
products, have been shown to act as substrate of transport proteins [43]. If a 
chemical is transported by an influx transport protein expressed at the intestinal 
wall, the uptake will be higher than expected from passive diffusion only. 
Therefore, carrier-mediated uptake should not be neglected if the chemical is 
known to be a substrate of influx transporters.  
Incorporating carrier-mediated transport into an oral uptake model involves a 
two-step approach. First, the parameters describing carrier-mediated transport 
need to be known. If no in vivo parameters are known, they can be determined 
by, e.g., measurements in in vitro cell line experiments and subsequent 
extrapolation to in vivo conditions. Second, the in vivo kinetic constants need to 
be incorporated into the oral uptake model.  
 
1.4. OBJECTIVES AND OUTLINE  
The overall aim of this thesis is to improve and extend the estimation of oral 
uptake of hydrophilic and hydrophobic chemicals in aquatic and terrestrial 
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species. The aim of this thesis is further specified into five objectives. Each 
objective is addressed in a separate chapter, as formulated in each introduction 
section.   
In brief, risk assessment of the ingestion of marine plastics requires an answer 
to two main questions: First, the concentration of POPs absorbed by the plastic 
needs to be quantified. Knowledge is required to which extent POPs partition 
into plastics, and whether there are differences between different plastic types 
and chemicals ( Chapter 2). Second, the transfer of POPs between ingested 
plastic particles and the marine species should be assessed, including the 
assessment of its relevance compared to other uptake and elimination routes ( 
Chapter 3). Predictions can be made by including plastic ingestion and egestion 
into the OMEGA model [18].   
In order to apply the uptake model to hydrophilic chemicals, it is of interest to 
improve the prediction of passive diffusion (Chapter 4). Furthermore, carrier 
mediated transport kinetics needs to be included as well. A quantitative structure 
activity relationship analysis (QSAR) can help to understand the major factors 
determining the observed differences in the carrier-mediated kinetics between 
the chemicals ( Chapter 5). Subsequently, carrier-mediated transport can be 
incorporated into estimating oral uptake of chemical in vivo ( Chapter 6).   
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Figure 1.2 Uptake and elimination processes included in the generic toxicokinetic 
model. Chapter 2 and 3 of this thesis address the risk assessment of marine plastic 
debris, i.e. the partitioning of chemicals into the plastic and the influence of plastic 
ingestion on the overall toxicokinetics of the chemical in marine species. Chapter 4-6 of 
tackle the uptake of chemicals by food ingestion in humans and other mammals.  
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ABSTRACT 
Oceans, seas and coastal areas are threatened by increasing amounts of plastic 
waste, and it has been shown that marine species ingest the plastic debris. There 
are concerns that ingestion of plastic debris might pose an additional exposure 
to persistent organic pollutants or plastic additives contained in the plastic. In 
order to assess this exposure, it is of crucial importance to estimate the 
contaminant concentration in the plastic, and to understand whether there are 
differences between the plastic types. We collected plastic water partition 
coefficients of various PCB congeners and other chlorinated chemicals, 
polyaromatic hydrocarbons (PAH), brominated diphenyl ethers (BDE), alkanes, 
organophosphorous pesticides and carbamates, and other organic chemicals for 
seven plastic types: polydimethylsiloxane (PDMS), high density, low density 
and ultra high molecular weight polyethylene (LDPE, HDPE and UHMWPE), 
polystyrene (PS), polypropylene (PP) and polyvinyl chloride (PVC). Most data 
was available for PDMS (1060), followed by LDPE (220), and much less for the 
remaining plastics (73). Regression models were developed for the LDPE and 
PDMS, and the partitioning of the chemicals was compared to the remaining 
plastics. The data available support previous findings that partitioning of 
chemicals follows the order of LDPE ≈ HDPE ≥ PP > PVC ≈ PS, and the 
differences were quantified where possible.  
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2.1  INTRODUCTION 
Oceans, seas and coastal areas are threatened by increasing amounts of plastic 
waste. Calculations report a daily input of about 8 million plastic items [1], and 
the expected life time of plastic items is between hundreds and thousands of 
years [2]. Ingestion of plastic debris by marine species can result in various 
adverse effects such as reduced food uptake, mechanistic injuries, or additional 
exposure towards toxicants contained in the plastic [3-5]. Toxicants absorbed by 
plastics include substances that were added during manufacturing with the aim 
of giving the plastic flexibility, durability and color. In addition, persistent 
organic pollutants (POP) from the surrounding seawater can absorb and 
accumulate in the plastic debris [4, 6-7]. The exposure to both the additives and 
POPs has been associated with a wide range of health impacts on both wildlife 
and humans [4, 8-12].  
In order to assess the risk of contaminants absorbed by plastic debris, the actual 
concentration of the pollutants in the plastics need to be estimated. Partitioning 
into plastic has been intensively studied in laboratories, where e.g. 
polydimethylsiloxane (PDMS), and low density polyethylene (LDPE) are 
widely used in solid phase micro extraction (SPME). The properties of LDPE 
and PDMS have been reviewed by e.g. Di Filippo and Eganhouse 2010 [13] and 
Lohmann 2011 [14]. For the risk assessment of marine plastic debris, it is of 
high importance to understand whether chemicals partition into different 
plastics to a varying extent, as the exposure of marine species to contaminants 
absorbed by the plastic will also depend on the plastic type. The plastics most 
often found in oceans comprise low density and high density polyethylene 
(LDPE and HDPE), polypropylene (PP), polyvinylchloride (PVC) and 
polyethylene terephthalate (PET) [15]. It has been observed that LDPE, HDPE 
and PP have higher sorption capacity than PVC and PET [15].  
The plastics considered in this study are made of apolar polymers, and the 
partitioning of a chemical from the water into the plastic is mainly driven by 
hydrophobicity [16]. A commonly used descriptor for hydrophobicity is the 
octanol-water partition coefficient Kow, and most studies correlated the 
measured plastic-water partition coefficient logKpw with the corresponding 
logKow, e.g. Poerschman et al., 2000 [17], Smedes et al. 2009 [18], Hsieh et al. 
2011 [19] or Atkinson and Duffull 1991 [20] to name just a few. Other 
descriptors used in models for plastic-water partitioning include water 
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solubility, heptane-water partition coefficient, or the Abraham salvation model 
[13-14].   
The aim of this study was to compare the partitioning of various organic 
chemicals (logKow ranging from 0.90 to 8.76) into five types of plastic (waste) 
found in the environment: LDPE, HDPE, PP, PS and PVC. We focused on 
apolar organic chemicals due to their high environmental importance and data 
availability, and polar chemicals were included were available. For comparison, 
we also included data on PDMS, a well studied surrogate for sorption to organic 
matter. Covering a broad range in Kow and Kpw increases the understanding of 
how chemicals partition into plastics. LogKpw and logKow were correlated for 
each chemical group and plastic type and differences between the plastics were 
evaluated. Kow was chosen as descriptor because it has been successfully used 
before, it is easy accessible and a single descriptor was favored to facilitate the 
comparison between the different plastics. Yet, results were compared to the 
Abraham model as well. Additionally, issues relevant for extrapolation to 
marine plastic debris are discussed, i.e. impact of temperature, ionic strength of 
seawater and weathering. Conclusions and outlook for future research needs are 
discussed to improve the risk assessment of marine plastic debris. 
 
2.2 METHODS 
DATA COLLECTION 
A literature review was conducted to collect plastic-water partitioning ratios for 
various PCB congeners and other chlorinated chemicals, polyaromatic 
hydrocarbons (PAH), brominated diphenyl ethers (BDE), alkanes, 
organophosphorous pesticides and carbamates, and other organic chemicals (see 
Table 2.1 and Appendix 2). Only published, peer reviewed studies were 
examined. The studies measured the partitioning into polydimethylsiloxane 
(PDMS), low density- polyethylene (LDPE), polystyrene (PS), polypropylene 
(PP) and polyvinyl chloride (PVC). Partition coefficients related to air such as 
e.g. air-PDMS were not included because 1) converting KPDMS-air to KPDMS-water 
would have added additional uncertainty, and 2) such data were considered less 
relevant regarding the ultimate aim of this study. The few ionizing chemicals in 
the data set were measured at a pH >1.7 log units above or below the 
corresponding pKa such that <2% of the chemical was ionized. Therefore, the 
reported Kpw always corresponds to the unionized chemical. The search yielded 
Chapter 2: Partitioning into plastics 
23 
 
in total 1348 data points, which were subsequently analyzed regarding their 
quality (see below). Final adjusted values (FAV) for Kow were taken from 
Schenker et al. 2005 [21] (PCBs and selected organochlorines), Ma et al. 2009 
[22] (PAH) and Wania and Dugani 2003 [23] (PBDEs). For congeners where no 
FAV data were available, we used the regressions with molecular weight as 
reported in the three studies to estimate the Kow. Dry Kow (Kow*) was converted 
to wet Kow using the equation described in Schenker et al. 2005 [21], i.e. 
log(Kow*)=1.35 log(Kow) – 1.58. If no FAV Kow value were available, the Kow 
values were taken from EpiSuite Kowwin v1.68 [24], and measured values were 
preferred over estimated values. 
DATA QUALITY CONTROL AND EXCLUSION OF DATA 
Large discrepancies regarding Kpw have been noted between studies using the 
classical experimental design where a clean plastic fiber was added into the 
water containing the pollutant of concern, and where Kpw was estimated from 
the amount of pollutant contained in the fiber at equilibrium. Di Fillipo et al. 
2010 [13] demonstrated that most discrepancies were eliminated when data 
were excluded where they measured only the pollutant content in the fiber and 
performed the experiment under depletion conditions. Non-depleting conditions 
were defined as: 
௪ܸ ൒ 100 · ܭ௣௪ · ௣ܸ      (Equ-2.1) 
where Vw and Vp denote the water sample and the plastic fiber volume, 
respectively. Therefore, we excluded all studies that did not fulfill this quality 
criterion. Similar like Di Fillipo et al. 2010 [13], we accepted studies if they 
applied a mass balance approach, i.e. if the equilibrium pollutant concentration 
was at least measured also in the water phase. We also accepted all other 
experimental designs such as e.g. flow through systems (e.g. Chen and 
Pawliszyn 2004 [25]), ABL permeation method (e.g. Kwon et al. 2007 [26]), 
partition controlled delivery methods or preloaded fibers (e.g. Brown et al. 2001 
[27]) and other methods.  
In addition, we excluded data from three studies, i.e. PCB in PDMS [28], 
pyrethroids in PDMS [29] and PCB in PE [30]. These three studies consistently 
reported lower partition coefficients for the chemical-plastic combination than 
2-10 other studies analyzing the same chemical-plastic combination (see Figure 
A2.1 in the appendix and references therein). In the case of PDMS, the 
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differences were unlikely to be caused by different fiber manufactures [13]. For 
PE the difference might be due to the self-made polymer, even though the 
reported cristallinity was similar to the cristallinity used in the other studies.  
DATA TREATMENT AND REGRESSION ANALYSIS 
All studies that passed the quality control either measured the Kpw at 
temperatures between 18 and 25°C or did not report the temperature. Therefore, 
no temperature correction was made. An exception were the data of Booij et al. 
2002 [31] where the logKpw measured at 13°C and 30°C were averaged in order 
to approximate the logKpw at roughly 22°C. As the vast majority of studies used 
fresh water in their experiment, the Kpw of PAHs, DDT, DEHP, and PCBs 
measured in seawater were converted to fresh water assuming a typical ionic 
strength of seawater equaling 0.5mol/L [32] and a salting out constant Ks = 0.35 
L/mol (see equation 1 and discussion below for more information). For PAH 
measured with HDPE in an estuary, an ionic strength of 0.25mol/L was 
assumed. Kpw reported in the units L/L were converted to L/kg assuming a 
density of 0.91 kg/L (LDPE), 0.955 kg/L (HDPE) and 0.95kg/L (PDMS) [33-
34]. If chemicals were measured more than once in the same plastic type, the 
average of the logKpw was used in order to weigh each chemical equally. 
Subsequently, linear regressions were calculated for each chemical group and 
plastic type.   
 
2.3 RESULTS AND DISCUSSION 
MODELS FOR LDPE AND PDMS 
LDPE. From the environmentally relevant plastic types, most data was available 
for LDPE due to its use in solid phase micro extractions. All data are shown in 
Figure 2.1 and the corresponding regressions are listed in Table 2.1. The logKpw 
of PCB, PAH and PBDE (for congeners ≤ 166) were very strongly (r2>0.93, 
SE<0.27) correlated with the logKow, while the correlation was slightly lower 
(r2=0.80, SE=0.56) in the group “other organochlorines”, reflecting the more 
inhomogeneous composition of this group. Similar results were found for the 
overall regression for LDPE (r2=0.84, SE=0.51). Slopes ranged from 1.18 to 
1.56 and intercepts from -1.06 to – 3.66. Deviations were found for PBDEs 
congeners higher than 181, where logKpw decreased with logKow (see Figure 
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2.1, but were excluded from the regressions in Table 2.1 due to the reason 
discussed below).  
PDMS. For comparison, the logKpw measured with PDMS are also shown in 
Figure 2.1 and Table 2.1. The overall regression with logKPDMS-w showed a good 
correlation with logKow (r2=0.93, SE=0.56) too, with most chemical groups 
having a coefficient of determination r2> of more than 0.70 and a standard error 
SE ranging from 0.05 to 0.44. The regression for alkanes improved substantially 
if only estimated logKow values were used (r2 from 0.78-0.99 and SE from 0.57 
to 0.10). Weaker correlations were found for pyrethroids as well as triazines and 
triazoles (r2=0.16-0.62, SE=0.27-0.31). Slopes in PDMS were generally close to 
or smaller than 1, i.e. gentler than in LDPE. Intercepts ranged from -1.10 to 
4.84. However, regressions based on only a few chemicals and covering a 
narrow range in logKow and/or logKpw values should be interpreted with care.  
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Figure 2.1 Plastic water partition coefficients (logKpw) versus octanol water partition 
coefficient (logKow) for LDPE (top) and PDMS (bottom). 
  
PBDE≥181 
  
 
Table 2.1. Overview of the individual regressions per chemical group and per plastic type 
  n slope (±SE) intercept (±SE) r2 SE pa Log(Kow) 
Models with logKow          
LDPE PCB 46 1.18 (±0.05) -1.52 (±0.32) 0.93 0.22 <0.001 5.11-7.88 
 Other organochlorines 19 1.38 (±0.15) -2.83 (±0.80) 0.80 0.56 <0.001 3.66-6.31 
 PAH 15 1.22 (±0.07) -1.06 (±0.33) 0.95 0.23 <0.001 3.00-6.35 
 PBDEb 15 1.56 (±0.11) -3.66 (±0.73) 0.94 0.27 <0.001 5.08-7.08 
 overallb 106 1.23 (±0.05) -1.72 (±0.31) 0.84 0.51 <0.001 3.66-7.88 
PDMS PCB 56 0.71 (±0.05) 1.33 (±0.32) 0.77 0.32 <0.001 4.79-8.76 
 Other organochlorines 26 1.00 (±0.05) -0.67 (±0.25) 0.93 0.44 <0.001 1.88-7.8 
 PAH 18 0.79 (±0.03) 0.42 (±0.17) 0.98 0.13 <0.001 3.40-6.63 
 PBDE 7 0.76 (±0.10) 1.24 (±0.65) 0.93 0.13 ns 5.8-7.49 
 BTEX 4 0.88 (±0.06) -0.07 (±0.16) 0.99 0.05 <0.01 2.13-3.15 
 Alkanec 7 1.24 (±1.76) -1.10 (±0.29) 0.78 0.57 <0.01 5.01-7.2 
 Alkaned 7 1.05 (±0.04) 0.22 (±0.22) 0.99 0.1 <0.001 5.01-7.2 
 Organophosphates  14 0.48 (±0.09) 1.35 (±0.34) 0.70 0.34 <0.001 1.43-4.96 
 Carbamates 3 0.49 (±0.43) -0.18 (±0.43) 0.84 0.21 ns 1.13-2.36 
 Pyrethroid 6 0.14 (±0.16) 4.84 (±1.07) 0.16 0.31 <0.001 5.95-8.15 
 Triazine and triazole 4 0.57 (±0.32) 1.04 (±0.97) 0.62 0.27 ns 2.61-3.74 
 overall 192 1.03 (±0.02) -0.81 (±0.11) 0.93 0.56 <0.001 0.90-8.76 
          
          
  
 
  n slope (±SE) intercept (±SE) r2 SE pa Log(Kow) 
Abraham models          
LDPE Overalle 106 -1.09A -3.18B +0.71S +0.43E +2.02V +0.41 0.85 0.46   
PDMS Overallf 192 -2.68A -2.94B -0.90S +0.26E +3.38V +0.41 0.93 0.54   
ans =not significant with p>0.05 bPBDE congeners 181-209 were excluded, see text for explanation  cbased on measured and estimated 
logKow values dbased on only estimated logKow values eAIC equalled  -140.4 (Kow-model) vs -137.9 (Abraham-model) fAIC equalled -202.9 
(Kow-model) vs -191.2 (Abraham model). 
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Alternative descriptors: Abrahams solvation parameters. Besides Kow, also the 
Abrahams solvation parameters are informative for describing the partitioning 
of chemicals. Therefore, we calculated the Abraham descriptors for each 
chemical using ACD Labs [35] and fitted also the Abraham model to the whole 
data set per plastic type (see Table 2.1). For both PDMS and LDPE, the logKow-
model was equal to the Abraham model regarding r2 and SE, but superior based 
on the Akaike Information Criteria AIC [36]. AIC is used for model comparison 
as it considers the tradeoff between goodness of fit and model complexity, and 
the model with the lowest AIC is preferred. We did not fit the Abraham model 
to each of the chemical classes of both plastic types as the limited number of 
chemicals in most classes would question a model fit based on five descriptors 
[37]. For example, following the rule of thumb that there should at least five 
times more data points than descriptors demands more than 25 data points per 
chemical class.  
Regressions reported by other studies. The regressions of logKLDPEw with 
logKow reported by Lohman 2011 [14] were very similar for the PCBs and PAH, 
while the slope for the PBDEs was steeper in the regression of the present study 
because of the logKow taken from different sources. The r2 of the obtained 
regressions were very similar (Δr2<0.03, ΔSE<0.06) which is expected due to 
the high similarity of underlying data. The slopes of the logKLDPEw - logKow 
regressions in Table 2.1 for PCB and PBDE are closer to 1 than those obtained 
by DiFillipo et al. 2010 [13], again because of the different logKow values used. 
While for PBDE the r2 were similar (Δr2=0.01), the r2 was highly improved for 
PCB (Δr2=0.6). The regressions for PAH and carbamates were identical, while 
the remaining regressions were either somewhat different due to differences in 
included data or selected logKow values, or they were not covered by both 
studies. Again, regressions based on few chemicals should be interpreted with 
care.  
PARTITIONING INTO OTHER PLASTIC TYPES: PP, PVC, PS, UHMWPE 
AND HDPE  
Much less data was available for the remaining plastic types (Figure 2.2). 
Generally, the partitioning of apolar organic chemicals into polypropylene was 
also linearly correlated to the logKow (Figure 2.2). Also, the partitioning of 
drugs into PVC correlated linearly with logKow, even though the logKpw were up 
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to three orders of magnitude below logKow. Partitioning of PCB into PVC and 
PS was low and decreased with increasing logKow [30]. 
For some chemicals, logKpw values were available for multiple plastic types 
(Figure 2.3). Generally, the partitioning of PAH was similar in LDPE, HDPE 
and UHMWPE (ΔlogK<0.45 for most PAH). The logKpw of phenanthrene was 
one order of magnitude lower in PP and PVC (logKpw=3.04-3.17) than in the 
three types of PE, i.e. LDPE, HDPE and UHMWPE (logKpw=4.28-4.54). For 
DDT, the logKpw was lower in HDPE, UHMWPE (logKpw≈4.83) and PP 
(logKpw≈5.27) than in LDPE (logKpw=5.74). Large differences were noted for 
PCB, where the logKpw in PP was correlated with logKpw in LDPE and logKow, 
while the logKpw in PS and PVC as reported by Pascal et al. [30] were 
decreasing with increasing logKow. An opposite trend was observed for toluene 
and o-xylene which partitioned higher into PVC than HDPE. 
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Figure 2.2 Plastic water partition coefficients (logKpw) versus octanol water partition 
coefficient (logKow) for HDPE and UHMWPE (top), PP and PS (middle) and PVC 
(bottom) for PCBs (■), DDT (▲), BTEX (), PAH (•) and others (–). Same shape 
applies to all plastic types. 
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Figure 2.3 LDPE-water partition coefficients (KLDPE-w) versus Kpw of HDPE and 
UHMWPE (top) and vs Kpw of PVC, PP and PS (bottom) for PAH (), DDT (▲), PCBs 
(■) and DEHP (–).  
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EXTRAPOLATION  TO  MARINE  PLASTIC  DEBRIS:  THE  ROLE  OF  IONIC 
STRENGTH, TEMPERATURE AND WEATHERING 
Besides the differences between the plastic types, also temperature, ionic 
strength and weathering can influence the partitioning of chemicals into marine 
plastic debris. Therefore, literature was reviewed in order to describe the 
processes qualitatively.  
Ionic strength. The presence of inorganic salts in seawater decreases the 
aqueous solubility of apolar or weakly polar chemicals and consequently 
increases their partitioning into the solid phase [32, 38]. The plastic-seawater 
partition coefficient Kpwsalt can be estimated from the plastic–freshwater 
partition coefficient Kpw using the empirical relationship from Setschenow 1889 
[39]  
ܭ௣௪௦௔௟௧ ൌ  ܭ௣௪ · 10௄ೞሾ௦௔௟௧ሿ     (Equ-2.2) 
where Ks is the Setschenow constant [L/mol] and [salt] the total ionic strength 
of the aqueous solution [mol/L]. A typical value for sea water is [salt]= 0.5 
mol/L [32]. Different studies have determined Ks for various hydrophobic 
organic chemicals as discussed [13-14, 32, 38, 40-41]. The general value of Ks 
= 0.35 L/mol from Jonker and Muijs 2010 [38] has been suggested for 
hydrophobic chemicals such as PAH, PCBs or PBDEs [14], corresponding to an 
increase of Kpw in seawater by a factor of 1.5 (or 0.18 log units). Ks is not 
expected to be temperature dependent such that the same Ks value can also be 
applied at temperature relevant for seawater [32]. The effect of ionic strength on 
aqueous solubility decreases with increasing polarity of the chemical [32]. It is 
concluded that the logKpw can be converted to account for seawater, but change 
in logKpw of 0.18 log units is rather small compared to experimental 
uncertainties. For example, the average standard deviation in this study between 
the collected Kpw from different studies ranged from  0.175 (LDPE) to 0.195 
(PDMS) log units. As the ionic strength only affects the solubility in water but 
not in the apolar sorbent phase, effects are expected to be similar for the 
different plastic types. 
Temperature. The plastic-water partition coefficients decrease with increasing 
temperature, and the temperature dependence of partition coefficients can be 
estimated by the Van`t Hoff equation [32]: 
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ln ቀܭ௣௪ሺ ଶܶሻቁ ൌ ln ቀܭ௣௪ሺ ଵܶሻቁ  ൅ ∆ு೛ೢோ · ቀ
ଵ
మ்
െ ଵ
భ்
ቁ  (Equ-2.3) 
Where Kpw(T) is the Kpw at temperature T1 and T2 [K], respectively, ΔHpw 
[J/mol] the change in enthalpy of the plastic-water partitioning, and R the 
universal gas constant (8.13 J/ (mol/K)). Both Lohmann 2011 [14] and DiFillipo 
and Eganhouse 2010 [13] already reviewed the ΔHpw values measured in 
literature of PDMS and LDPE – water partitioning in detail. In brief, typical 
ΔHpw ranged from -10 kJ/mol for PCB (LDPE) and BTEX (PDMS) to -20 to -
50kJ/mol for PAH (LDPE and PDMS), which corresponded to a change in 
logKpw of 0.06-0.31 log units per 10°C or 0.12-0.64 log units for 20°C 
temperature difference [25, 31, 33, 41]. Whether there are differences in 
temperature sensitivity between the plastic types depends on how ΔHpw varies 
between the different plastics. For example, values for PAH covered a similar 
ΔHpw range in LDPE and PDMS [31, 33, 41]. If this is also true for other 
chemicals and/or plastic types still needs to be investigated.  
Weathering. Weathering processes include photo-oxidation, thermo-oxidation 
and biodegradation [42]. These processes can have various effects on the plastic 
with contradicting impacts on sorption capacity of the plastic. For example, 
during weathering the surface of the plastic particles erodes, leading to a 
rougher surface (e.g. different types of PE) and/or the formation of cracks (e.g. 
PP). Both processes increase the surface area of the plastic particle, and cracks 
additionally also increase the pore size and volume [43]. These processes are 
likely to increase the sorption capacity of plastic particles [6, 15]. On the other 
hand, oxygen-containing groups such as ketone or esters are added during 
oxidation or biodegradation potentially decreasing the affinity of the plastic for 
very hydrophobic chemicals while increasing the affinity for more polar 
chemicals. Fotopoulou and Karapanagioti 2012 [43] measured a point of zero 
charge in PE at pH 6.1, suggesting that weathered PE might have a negatively 
charged surface in seawater (≈pH 8). In contrast, no (pH-dependent) surface 
charge was found for PP. Finally, an increase in density and hardness was 
observed in weathered LDPE and HDPE, indicating an increase in polymers 
crystallinity and/or occurrence of cross-linking reactions [44]. An increase in 
crystallinity is expected to reduce the sorption capacity of the plastic particle. 
Generally, photo-or thermo-oxidative degradation are expected to be slower in 
plastic particles floating in the water than for particles lying e.g. on the beach 
due to lower temperature and lower oxygen content in seawater [42]. Few data 
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are available to evaluate the effect of the weathering on plastic water 
partitioning. Endo et al. 2005 [45] did not find a correlation between the extent 
of weathering and the sorption of PCBs to PE resin pellets collected from 
beaches, possibly indicating that both sorption-increasing and -decreasing 
processes counteract each other.  
UNCERTAINTIES  
Figure 2.1 shows that the logKpw of PBDE congeners >181 decreased within 
increasing logKow. It was difficult to judge whether the deviation indicated true 
differences between logKpw and logKow, or only reflected the difficulty to 
accurately measure Kpw of such extremely hydrophobic substances. For 
example, very low contamination by organic solvents of, e.g., 1mg/L might 
already lead to underestimation of partition coefficients [14]. In addition, if Kpw 
≈ Kow would be true for these chemicals, then the Vw/Vp ratio of most of these 
experiments would imply that from the amount of chemical present in the water 
and plastic phase, more than 95% would have occurred in the plastic fiber. Even 
though the experimental concentration were measured in both the plastic fiber 
and in the water phase, small errors can highly influence the calculated Kpw 
(compare Poerschmann et al. 2000 [17]). Due to these uncertainties and the 
large influence of PBDEs 181-209 (taken from Bao et al. 2011 [46]) on the 
PBDE and overall regression for LDPE, these congeners were shown in Figure 
2.1 but excluded from Table 2.1. 
MECHANISTIC CONSIDERATIONS  
LDPE and PDMS. Overall, Figure 2.1-3 indicate that generally, the Kpw of 
plastics was equal to or below the corresponding Kow. This finding matched to 
the expectations because of the (more) solid structure of the plastic lowering 
flexibility to accommodate the solute. The logKpw for LDPE and PDMS 
corresponded well to the logKow demonstrating the dominant role of 
hydrophobicity in determining the partitioning into the plastics. The slopes in 
LDPE were generally >1 implying that per log unit increase in logKow, the 
logKLDPE-w increased by >1 log unit. This was different for PDMS, where the 
slopes were close to 1 or lower.   
LDPE, HDPE and PP. For polyethylene, it is generally assumed that the 
amorphous phase is involved in the sorption of chemicals only, and it has been 
shown that the sorption capacity decreases with increasing cristallinity of the 
polymer structure [47-48]. However, this effect was not observed for different 
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PAHs, while the Kpw of DDT in HDPE and UHWMPE were one order of 
magnitude lower than in LDPE. Endo et al. 2005 [45] found no correlation 
between cristallinity and PCB concentration in beached PE resin pellets, 
suggesting the influence of cristallinity might be small compared to other 
factors. PP is also a polymer based on carbon and hydrogen with crystalline and 
amorphous parts [49]. Thus, thus similar effects (or negligible-effects) of 
cristallinity on sorption might apply to PP as well. The few data in Figure 2.3 
also indicate a rather high similarity between PP and PE, even though the 
sorption to PP was somewhat lower in PP than in LDPE, consistent with the 
finding from Endo et al. 2005 [45] for the beached PP and PE plastic resins.  
PVC and PS. PVC and PS are glassy polymers, i.e. their glass transition point 
TG (>80°C) is higher than normal environmental temperature leading to lower 
segmental mobility of the polymer chains and thus to slower diffusion of 
penetrants [30, 50]. For comparison, PE and PP have TG of roughly -125°C and 
0°C, respectively [49]. Besides segmental mobility, also the free volume 
determines the diffusion of chemicals in the plastics [50]. However, the few data 
in Figure 2.2 and 2.3 do suggest that the partitioning of PCBs and PAH was 
lower in PVC and PS than in PE and PP, which was supported with field data 
reported by Rochman et al. 2012 [15]. A different trend was observed for BTEX 
which sorbed higher to PVC than to HDPE [51]. The segmental mobility and 
thus diffusivity increases if plasticisers are added, potentially also influencing 
the sorption capacity of PVC [50]. More data is needed to further evaluate the 
partitioning into PVC and PS and the effect of adding plasticisers.  
IMPLICATIONS FOR RISK ASSESSMENT OF PLASTIC DEBRIS  
This study reviewed plastic water partition coefficients measured in different 
laboratories for different chemicals and plastic types. For the logKow range 
where data is currently available, i.e. logKow < 9, the logKpw for PDMS and 
LDPE are linearly proportional to the logKow, and most logKpw values for these 
plastics were equal to or below the corresponding logKow. The few data 
available support previous findings that partitioning of chemicals follows the 
order of LDPE ≈ HDPE ≥ PP > PVC and PS. When extrapolating laboratory 
measurements under standard conditions to marine plastics, correction for 
differences in temperature and ionic strength can be made but impact is small 
compared to interexperimental variability of measured logKpw. Future research 
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should further investigate to what extent weathering influences the partitioning 
into plastics.  
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ABSTRACT 
There has been widespread concern that, if ingested, plastic debris could act as 
vector in the transfer of potentially harmful chemicals from seawater to 
organisms. Recent experimental evidence suggested that sorbed chemicals can 
transfer to marine biota with some biological effects. By contrast approaches 
based on multimedia models suggest that such transfer would be negligible 
compared to other routes of uptake. However such models could be neglecting 
the role of gut surfactant under varying pH and temperature which can enhance 
desorption rates of sorbed contaminants several fold. Transfer of sorbed organic 
contaminants DDT, phenanthrene (Phe) and bis-2-ethylhexyl phthalate (DEHP) 
from microscopic particles of polyvinylchloride (PVC) and polyethylene (PE) to 
the lugworm, Arenicola marina, a fish and a seabird was modelled using the 
one-compartment model OMEGA and environmental concentrations of the 
contaminants at the bottom and the top of published ranges, and assuming 
scenarios where 1, 5 and 50% by weight of plastics was ingested. The OMEGA 
model was validated by predicting international concentrations for biota in the 
absence of plastics and by comparing outputs with reported environmental 
concentrations of contaminants for both low and high polluted sites. Predicted 
internal concentrations, excluding plastic ingestion, were found to be in 
accordance with reported environmental concentrations of pollutants for the 
different species investigated. The presence of contaminated plastic was 
expected to increase the internal concentration of DDT and DEHP for the 
lugworm while the net transfer was found to be negligible for Phe. No 
substantial increase in internal concentration of POPs was predicted for either 
the fish of the seabird compared to other routes of exposure such as dietary or 
respiratory uptake.  
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3.1 INTRODUCTION 
Plastics are extraordinarily useful to many societies, due partly to properties 
such as high malleability and durability together with being lightweight and 
inexpensive. However, their longevity is resulting in the accumulation of large 
and microscopic pieces of plastic in the environment. with unknown 
ecotoxicological and chemical consequence [1]. Ingestion of plastic debris, 
including microplastics, has been reported for a wide range of marine organisms 
including deposit and suspension feeders [2-4], crustaceans [5], fish [6], marine 
mammals [7] and seabirds [8-10]. Deleterious physical effects on wildlife from 
ingestion of macroscopic pieces of plastics are well documented and recent 
work suggests that even microscopic particles can have harmful physical effects 
[11]. However the ecotoxicological consequences of ingesting plastic debris and 
in particular microplastics are less clear. Two routes have been suggested, the 
release of chemical additives that were incorporated into plastics during 
manufacture and/or the accumulation and transfer of organic and inorganic 
contaminants from seawater to organisms upon ingestion. This paper considers 
the potential for plastics to act as a vector in the transport of persistent organic 
pollutants (POPs) from seawater to organisms. Studies to estimate the transfer 
of POPs from microplastics are limited [12-14]. Using a bioavailability model, 
Teuten et al. [12] showed that the addition of as little as 1 μg of contaminated 
PE to a gram of sediment would give a significant increase in phenanthrene 
(Phe) accumulation by A. marina. [12]. This was supported by the work of 
Besseling et al. (2012) [15] who showed an increase in bioaccumulation of the 
POPs polychlorinated biphenyls (PCBs) into A. marina by a factor of 1.1-3.6 
when contaminated polystyrene (PS) was present in sediments (0.074 % plastic) 
[15]. A positive correlation has also been demonstrated between the amount of 
ingested plastic particles and the concentrations of PCBs in the tissues of birds 
(Great Shearwaters; Puffinus gravis)[16]. Another study provided evidence for 
the transfer of plastic-derived polybrominated diphenyl ethers (PBDEs) from 
ingested particles to the short-tailed shearwaters Puffinus tenuirostris [17]. It is 
however difficult to conclude whether PCBs accumulation in their tissues was a 
result from pollutant transfer from plastics rather than contaminated food or 
drinking water. Recent work has shown that chemicals sorbed onto plastic in the 
marine environment can have negative effects on fish in laboratory conditions. 
However in this experiment plastics were the only source of contaminants [18]. 
In order to fully understand the potential for plastics to cause harm to marine 
life as a consequence of the transfer of contaminants from seawater it is 
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therefore essential to examine the relative importance of plastics compared to 
other pathways such as respiration or diet and this yet has to be established. 
Some recent models have concluded that the relative importance of plastic 
particles as vectors for POPs to marine organisms is likely of limited 
importance to other exposure pathways[13-14]. However as outlined by Engler 
(2012) [19], such models neglect several factors such as: i) the role of gut 
retention time of ingested particles, ii) the role of physiological processes such 
as the presence of enzymes or gut surfactants and iii) the differing physiological 
conditions of pH and temperature according to the type of organism. All these 
factors will likely influence the bioavailability of sorbed contaminants [19]. For 
example, recent work has shown that Phe, DDT and bis-2-ethylhexyl phthalate 
(DEHP) sorbed onto PVC and PE desorbed faster in the presence of surfactants 
under gut pH and temperature upon ingestion with a surfactant rate of over 7 
times in the case of DDT desorption from PE in cold blooded organisms and 
were further enhanced in warm blooded organism with a combined surfactant, 
pH and temperature enhancement rate of over 30 times compared to in seawater 
alone [20]. Sorption capacity and desorption rates are highly pollutant and 
polymer specific. Hence robust predictions can only be made using a systemic 
approach considering different POP and plastic combinations under 
physiologically relevant scenarios rather than Kow values alone.  
A range of environmentally relevant scenarios were investigated according to 
reported concentrations in seawater considering both low and highly polluted 
sites, with low and high quantities of ingested plastics (1 and 5% ingested 
plastic particles). An extreme scenario of 50% ingested plastic particles was also 
evaluated in order to consider hypothetical worst case scenarios assuming the 
quantities of plastics in the environment increased markedly in the future. A 
comparison with respiratory and dietary uptake was then used to determine the 
relative importance by contaminated microplastics compared to other pathways. 
The benthic invertebrate A. marina, a pelagic fish and a seabird were selected as 
candidate organisms four our models as they represent both cold warm blooded 
organisms. A. marina is a widely distributed, OSPAR (Convention for the 
Protection of the Marine Environment of the North-East Atlantic) approved, 
species and forms an important component of marine food webs. This species 
has already been shown to ingest microplastics [21] with some indication of 
bioaccumulation of PCBs sorbed onto PS present in sediments [15]. 
Microplastics have been reported in the gut of several pelagic and demersal fish 
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species [6, 22-23]. It is therefore highly likely that fish ingesting plastic 
particles are in contact with sorbed chemicals which could desorb in the gut 
fluid at different speed according to gut conditions [20, 24], however the 
associated consequences are not known. Seabirds are also known to ingest 
plastic debris with detrimental physical effects and concern about the transfer of 
harmful chemicals [25]. For birds, the uptake of organic compounds from 
seawater can only take place via ingestion of marine organisms such as fish 
[26]. Ingestion of plastic debris by Northern fulmars has been documented in 
several studies at numerous locations over time [10, 27-30] allowing them to be 
used as biological indicators for spatial and temporal trends of plastic pollution 
[9]. Evidence of transferred pollutants from ingested plastic debris could 
therefore be integrated into this environmental monitoring tool and used in the 
environmental risk assessment of microplastics in the marine environment 
required to reach Good Environmental Status (GES) as part of the quality 
descriptor 10 of the Marine Strategy Framework Directive (MSFD 
2008/56/EC). 
The main objectives of the present study were to i) quantify distribution 
coefficients and desorption rates for a range of Phe, DDT and DEHP onto PVC 
and PE, ii) to integrate these data into bioavailability models for various 
scenarios of contaminant concentration and plastic concentration in order to 
predict transfer to a range of marine organisms occupying different ecological 
niches/feeding strategies and iii) to compare predicted internal concentrations to 
available toxicological data (lethal body burdens (LBBs), tolerable daily intake 
(TDIs) and levels of concern in food) and most critically iv) for these organisms 
to determine the relative importance of plastics compared to other routes of 
exposure (food, respiration) for the transport of contaminants from seawater.  
 
3.2 METHODS 
MODEL DESIGN, DESCRIPTION AND IMPLEMENTATION 
Distribution coefficients (Kd) and desorption rates under varying gut conditions 
(different pH and temperatures) for the sorption/desorption of Phe, DDT and 
DEHP onto and from PVC and PE (200-250 μm) were previously determined 
for use in our bioavailability models [20]. Uptake and elimination rates of 
contaminants were estimated for three routes of exposure including uptake and 
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elimination from/to water, food and from plastic. Each prediction was carried 
out for Phe, DDT and DEHP onto both PVC and PE. For all the contaminants, a 
low and highly polluted site was examined according to reported aqueous 
concentration for each contaminant (Table A3.1). In our scenarios, plastic 
ingestion relative to food was 1, 5 and 50 % of diet to represent both 
environmentally relevant concentrations and worst case scenarios [31]. A one-
compartment model was applied for a benthic deposit feeder, a marine fish and 
a seabird. The pollutant concentration in each species was calculated using three 
approaches (A-C): A) concentration of the pollutant in each species was 
calculated with the assumption that an individual ingested and egested sufficient 
plastic over its lifetime to reach equilibrium between lipid and plastics, B) 
concentration of the pollutant in individuals would achieve after a lifelong 
plastic ingestion with the assumption that all pollutants sorbed onto plastics 
were transferred to the organisms and C) An OMEGA one-compartment model 
was used to calculate steady state internal concentrations of the pollutants. 
Approaches A and B are shown in Appendix 3 while approach C is presented 
here.  
BIOACCUMULATION MODEL 
An OMEGA model was used to calculate the steady state internal 
concentrations of pollutants in individuals at different trophic levels [32]. For 
species i, the internal concentration Ci at steady state equals the ratio of the sum 
of uptake divided by the sum of elimination. In this study, we considered 
pollutant uptake from water (kw,X,in · Cw), from food (kf,X,in · Cfood) and from 
plastic (kp,X,in · Cp) as well as elimination with water (kw,X,out), food (kf,X,out), 
plastic (kp,X,out) and biomass dilution from growth or reproduction (kb,X,out).  
ܥ௜ ൌ   ௞ೢ,೉,೔೙ · ஼ೢ ା ௞೑,೉,೔೙ · ஼೑೚೚೏ ା ௞೛,೉,೔೙ · ஼೛ఀ௞ೢ,೉,೚ೠ೟ ା ௞೑,೉,೚ೠ೟ ା ௞೛,೉,೚ೠ೟ ା ௞್,೉,೚ೠ೟    (Equ-3.1) 
Calculation of all rates and concentrations are explained in more detail in the 
supporting information. We treated plastic like indigestible food (Equ-3.2). The 
term (1-pp) denotes fraction of undigested plastic, and Kpw the plastic water 
partition coefficient. The denominator in the third term describes the diffusion 
resistances and the flow delays the pollutant experiences during uptake: the 
diffusion resistance of the unstirred water layer ρH20,f [d kg-1], through lipid 
layers ρCH2,i [kg-1] and the flow delay of the pollutant contained in the 
undigested food passing through the intestinal tract (1/ (Kpw · (1-pp) · γp · qT)). 
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Finally, the uptake rate scales allometrically to the species weight w [kg] with 
the rate coefficient κ [-]: 
݇௣,௑,௜௡ ൌ ଵଵି௣೛   ·
ଵ
௄೛ೢ ·
௪షഉ
ఘಹమೀ,೑ା 
ഐ಴ಹమ,೔
಼೚ೢ·೜೅ା 
భ
಼೛ೢ·൫భష೛೛൯·ം೛·೜೅
  (Equ-3.2) 
With  w weight of an individual of the particular species [kg] 
 κ rate coefficient [-] 
pp fraction of plastic assimilated [kg kg-1] 
Kpw plastic-water partition coefficient  
ρH20,f water layer resistance from/to food [d kg-К] 
ρCH2,i  lipid layer resistance [d kg-К] 
Kow  octanol-water partition coefficient 
qT  temperature correction factor [kg kg-1] 
γp  plastic ingestion coefficient [kgk d-1] 
Analogously, the elimination rate via plastic egestion was calculated using Equ-
3.3: 
݇௣,௑,௢௨௧ ൌ ଵ ௣೗೔೛,೔· ሺ௄೚ೢିଵሻାଵ ·
௪షഉ
ఘಹమೀ,೑ା 
ഐ಴ಹమ,೔
಼೚ೢ·೜೅ା 
భ
಼೛ೢ·൫భష೛೛൯ · ം೛· ೜೅
 (Equ-3.3) 
where the term plip,i · (Kow - 1) + 1 reflects the affinity of the chemical for the 
lipid and water compartments of the organism. The pollutant concentration in 
food was estimated using a standard food chain bioaccumulation model. 
PARAMETERISATION 
Model parameters are listed in Table A3.6 and the parameters specific to the 
species are shown in Table A3.7. For the plastic ingestion rate, the assumption 
that no fraction of the plastic was assimilated was formulated (pp = 0). The 
plastic ingestion coefficient γp [kgκ d-1] was calculated as a fraction of the food 
ingestion coefficient. As there was no available reported plastic ingestion 
coefficient, three approaches were examined; here the plastic ingestion 
coefficient equaled 1%, 5% and 50% of the food ingested. At the same time, the 
food intake was kept constant. This scenario might not be realistic as the food 
intake might decrease with an increasing intake in plastic. The error for the 1 
and 5% scenario is small, while for the 50% scenario the error might become 
more important. However, a constant food intake facilitated the comparison 
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between the scenarios. In addition, the 50% scenario is unlikely to be realistic 
and was considered as a worst case scenario.  
Evaluation of desorption: The OMEGA model is based on partition coefficients 
and thus assumed instantaneous equilibrium. However, our previous study 
demonstrated that desorption rates were higher at higher temperature and lower 
pH [20]. Therefore, we evaluated the assumption of instantaneous equilibrium. 
As a first step, we calculated the uptake efficiency E (in %) of each pollutant 
from plastic in order to determine the amount of contaminant absorbed. The 
uptake efficiency equals the ratio of the pollutant uptake rate and the plastic 
ingestion rate (Equ-3.4): 
ܧ ൌ   ௞೛,೉,೔೙௞೛,೔೙        (Equ-3.4) 
Plastic ingestion rate was proportional to the plastic ingestion rate coefficient 
and the temperature correction factor and scaled allometrically to the species 
mass w [kg] with the coefficient κ [-] (Equ-3.5): 
݇௣,௜௡ ൌ  ߛ௣ · ݍ௧ ·  ݓି఑      (Equ-3.5)  
Subsequently, we calculated for a lugworm, a fish and a seabird if the particle 
retention time (tr [d]) was long enough to allow complete desorption of the 
pollutant from the species. We assumed a gut retention time (GRT) for food 
particles for A. marina, fish and seabird of 2h, 4-158 h and 11 h respectively 
(Table A3.2). We quantified the pollutant concentration onto plastic as in the 
high pollution scenario and calculated the fraction of the pollutant which 
remained sorbed to the plastic after the gut residence time of the particle (Equ-
3.6): 
஼೛ሺ௧ୀ௧ೝሻ
஼೛ሺ௧ୀ଴ሻ ൌ  
஼೛ሺ௧ୀ௧ೝሻ · ௘షೖ೏೐ೞ · ೟
஼೛       (Equ-3.6) 
where kdes denotes the measured desorption rate constant [d-1] as measured in 
Bakir et al. 2014 [20].  
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3.3 RESULTS AND DISCUSSION 
MODEL  VALIDATION  WITHOUT  PLASTIC  WITH  REPORTED 
ENVIRONMENTAL DATA 
Model validation was carried out by comparing modelled values on the absence 
of plastics representative of environmental reported POP concentration for 
biota.  
The estimated DEHP concentration in the lugworm, excluding plastic (1055 μg 
kg-1 ww for a low polluted site), was comparable to reported concentrations in 
lugworms and was in accordance with DEHP levels reported for the sandworm 
Neanthes virens (490 μg kg-1 ww) (Table A3.5) [33]. Higher concentrations 
were reported for invertebrates sampled at the vicinity of a DEHP processing 
plant, simulated by a high polluted site in this study (439 mg kg-1 ww, Table 
A3.8), with concentration of 5300 μg kg-1 ww for Odonata sp. to up to 14400 
μg kg-1 for Asellus aquaticus [34] WHO 1992. Estimated concentrations from 
food excluding plastic were in agreement with reported POP concentration for 
the lugworm for different locations indicating the environmental relevance of 
our model (Tables A3.4). Concentrations of DDT predicted in the tissues of the 
seabird from its food (excluding plastic) were in accordance with reported 
concentrations of DDT in low and high polluted sites (178 μg kg-1 ww and 20.5 
mg kg-1 ww respectively, Table A3.3). However, concentrations of DDT are 
highly variable, according to the species. For example, reported p,p’-DDT 
concentrations ranged from 58 μg kg-1 ww for the black-browed albatross to 2.6 
mg kg-1 ww for the black-footed albatross[35]. DEHP concentrations in fish are 
very variable depending on their habitat, feeding habits and biodegradation 
levels of phthalates [36-37] and high concentrations of DEHP have been widely 
reported in fish with concentrations up to 254 mg kg-1 dw recorded [38]. 
Reported data on DEHP concentrations in birds are limited. Relatively low 
concentrations have been reported for kittiwakes located in remote fjords of the 
Norwegian Arctic with concentrations up to 155 μg kg-1 ww [39]. Much higher 
concentrations are expected to be reached in highly polluted areas [34]. 
Relatively low concentrations have been reported for kittiwakes located in 
remote fjords of the Norwegian Arctic with concentrations up to 155 μg kg-1 ww 
[39]. Much higher concentrations are expected to be reached in highly polluted 
areas [34]. 
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RELATIVE  CONTRIBUTION OF MICROPLASTICS  FOR  THE  TRANSFER OF 
SORBED POPS TO MARINE ORGANISMS  
OMEGA model permitted to differentiate and estimate the relative contribution 
of microplastics from the combined intake from food and water to the total body 
burden of POPs in the marine environment.  
Lugworm A. marina: Predicted net transfer followed the order DEHP > DDT > 
Phe (Fig. 3.1). For the lugworm, plastic contribution to Phe body burden was 
negligible (< 0.2%) for both PVC and PE, while their contribution increased for 
DDT (max. of 12% for 50% ingested plastics) and could be considered as 
substantial for DEHP with a max. of 50% contribution from PE for a worst case 
scenario (Fig. 3.1). Estimated concentrations of DEHP transferred from plastics 
to the tissues of A. marina were higher than for DDT and Phe as a consequence 
of the high concentrations of DEHP found in the marine environment due to its 
use in plastics manufacture, where it is employed as a plasticiser (Table A3.1). 
For the same POP, contribution from PVC under the same conditions was less 
substantial with a 14% contribution to the total body burden.  
Marine fish: Predicted net transfer of contaminants to the marine fish were 
highly dependent on the chemical (Figs. 3.2) and followed the order DEHP > 
DDT > Phe. For the fish, a decrease in bioaccumulation of POPs was predicted 
following plastic ingestion (Figs. 3.2). Plastics contribution to the decrease of 
the internal concentration of Phe and DEHP was negligible for both plastics 
while for DDT a decrease in body burden of 20% was predicted for PE and 
PVC for a worst case scenario (50 % ingested plastic).  
Seabird: Predicted net transfer of contaminants to seabirds was also highly 
dependent on the chemical (Fig. 3.3) (p < 0.01) and followed the order DEHP > 
DDT > Phe. Toxicological data relating to DDT are available for birds; however 
reported concentrations causing effects are variable according to the species. 
For example, reported dietary LD50s ranged from 2240 mg kg-1 in mallard, 841 
mg kg-1 in Japanese quail and 1200 mg kg-1 in Sandhill crane. However in all 
cases these values are much higher than those estimated for DDT in our 
environmental relevant model scenarios (0.04 and 5.3 mg kg-1 for a low and 
high polluted sites respectively for 1% ingested plastics (Fig. 3.3)) [40]. 
Maximum predicted internal concentrations of DDT for worst case scenarios of 
358 and 387 mg kg-1 for PE and PVC respectively (50 % ingested plastic for a 
high polluted site) were also under the reported LD50s reported for seabirds. For 
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the seabird a decrease in bioaccumulation was also predicted. While for the case 
of the seabird the contribution of plastics for the decrease of internal 
concentration for DEHP was negligible, this effect was more substantial for 
DDT and Phe with a maximum of 58% for DDT following 50% PVC ingestion 
and 55% for Phe following 50% PE ingestion. The contribution of Phe decrease 
for the seabird was also substantial with 24 and 45 % for 1 and 5% ingested PE. 
This is supported by the work of Koelmans et al. (2013) [14] which suggested 
that this effect was more substantial for plastics presenting a higher affinity for 
POPs such as PE [14].  
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Figure 3.1 Predicted concentration Cint [μg/kgww] of Phe (top), DDT (middle) and 
DEHP (bottom) in the tissues of the lugworm Arenicola marina  ingesting PE (black) or 
PVC (grey) particles in the low pollution (LP) and high pollution (HP) scenarios.  
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Figure 3.2 Predicted concentration Cint [μg/kgww] of Phe (top), DDT (middle) and 
DEHP (bottom) in the tissues of a marine fish ingesting PE (black) or PVC (grey) 
particles in the low pollution (LP) and high pollution (HP) scenarios.  
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Figure 3.3 Predicted concentration Cint [μg/kgww] of Phe (top), DDT (middle) and 
DEHP (bottom) in the tissues of a seabird ingesting PE (black) or PVC (grey) particles 
in the low pollution (LP, left) and high pollution (HP, right) scenarios.  
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ROLE  OF  THE  GUT  RETENTION  TIME  FOR  DESORPTION  OF  SORBED 
CONTAMINANTS 
Impact on the particle retention time in the gut of the different organisms 
investigated in this study on the concentrations of desorbed contaminants was 
estimated using Equ-3.6 and the ratio between contaminant concentration onto 
plastic at the end of the particle retention time and initial concentration are listed 
in Table 3.1. It is clear from Table 3.1 that tr was not long enough in all cases to 
allow complete desorption from plastics even for a considered extended tr of 
158 hours for the fish. However, due to the cleaning effect observed in the fish 
and seabird, the short time span was of minor relevance.   
Table 3.1 Evaluation of particle retention time (tr) on desorption of sorbed 
contaminants estimated using Eq.6 
Organism Fraction that remained on plastic  
࡯࢖ሺ࢚ ൌ ࢚࢘ሻ ࡯࢖ሺ࢚ ൌ ૙ሻ⁄  
 Plastic DDT Phe DEHP 
Lugworm (tr= 2h) PE 0.9 0.8 1.0 
 PVC 1.0 0.9 0.9 
Fish (tr=4h) PE 0.8 0.6 1.0 
 PVC 0.9 0.8 0.8 
Fish (tr=158h) PE 1.6E-05 2.6E-09 1.7E-0.1 
 PVC 0.13 1.7E-05 1.2E-04 
Seabird (tr=11h) PE 0.04 0.004 0.2 
 PVC 0.8 0.10 0.1 
 
PREDICTED  INFLUENCE  OF  PLASTIC  INGESTION  ON  INTERNAL 
CONCENTRATION 
Predicted concentration of transferred contaminants from plastics to marine 
organisms using the OMEGA model indicated both no impact to increasing 
internal concentration of contaminants in the lugworm, and a decrease for the 
fish and the seabird (Figs. 3.1-3.3, Tables A3.8-10). Generally, an increase of 
the internal concentration occurred if the contribution of the uptake via plastic 
ingestion relative to other uptake routes was larger than the contribution of 
elimination through plastic egestion relative to other elimination routes. In 
Chapter 3: Chemical transfer after plastic ingestion 
 
58 
 
opposite direction the same holds for the decrease in internal concentration. The 
major (but not only) factor explaining the differences between the lugworm and 
the other species was their differences in feeding strategy and in food 
assimilation efficiencies [32]. However, in most cases this increase or decrease 
in internal concentration is small and should be considered negligible regarding 
the uncertainties of the model.  
Both Koelmans et al. (2013) [14] and Gouin et al. (2011) [13] predicted also a 
small impact of plastic ingestion on the overall body burden of the pollutant. 
Both studies predicted a decrease in bioaccumulation due to the counteraction of 
the biomagnification mechanism by the attenuation of the gradient between 
plastics and lipids. While the same was found for higher trophic animals in our 
study, no impact to increasing concentration of contaminant in lugworm was 
predicted. These findings indicate that whether the body burden increases or 
decreases with plastic ingestion is partly dependent on the species, e.g. a 
decrease may be more likely for higher trophic species, but due to the small 
impact it also depends on the model parameterization and the related 
uncertainties, and should therefore be interpreted with care. 
COMPARISON  WITH  LETHAL  BODY  BURDENS  AND  TOLERABLE  DAILY 
INTAKE  FOR POTENTIAL IMPACT ON HUMAN HEALTH  
Due to the lack of toxicological data on the body burden of Phe, DDT and 
DEHP for most marine organisms, the notion of “harm” was defined, in this 
study at the marine organism level, using lethal body burden LBB [g kg-1] as an 
expression of the bio-concentration factor BCF [L kg-1] and LC50 [g L-1] values 
(Equ-3.7) [41] 
ܮܤܤ ൌ ܤܥܨ  ·  ܮܥହ଴      (Equ-3.7) 
The values selected for the BCF and LC50s values are presented in the 
supplementary materials (Table A3.11).  
Body burdens estimated for DDT, Phe and DEHP in fish for a high polluted site 
were below the calculated LBBs for the different LC50s found in the literature 
(Fig. 3.4, Table A3.11). It is quite evident from previous results that the amount 
of transferred contaminants to fish will be highly dependent on the aqueous 
concentration of the POP and higher body burdens could be therefore obtained 
for much higher Cw values. There is however currently no toxicological data for 
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DEHP in seabirds and these would be required in order to reach conclusion 
about potential harm based on predictions from the model. 
  
   
Figure 3.4 Lethal body burdens LBBs [μg/kgww] and predicted concentration in fish Cint 
[μg/kgww] for Phe, DDT, and DEHP after ingestion of PE (black) or PVC (grey). 
 
Implication for human health was evaluated using potential tolerable daily 
intake (TDIs). For each marine organism, the TDI for human consumption was 
derived using levels of concern and maximum residue limit in food as shown in 
Table A3.12. TDIs were calculated under worst case scenarios (higher initial 
POP concentration and including uptake from plastic combined with food and 
water) for an edible portion of 100 g and for an individual body weight of 70 kg. 
Daily intake was plotted against the tolerable daily intake values for Phe, DDT 
and DEHP (Table A3.12, Fig.3.5). For DDT, daily intake from contaminated 
LBB from  
  BCF=1000 
    BCF=100 
LBB from 
   BCF=100000 and highest LC50 
  BCF=12000 and lowest LC50 
LBB from 
   LC50=3200μg/L 
   LC50=375μg/L 
   LC50=234μg/L 
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fish and worm were below the TDIs expressed by World Health Organisation 
[42] and below the level of concern in fish and in meat [43-44]. However, daily 
intake of DDT from the marine bird ingesting 1 and 5% plastic was above the 
level of concern in meat expressed by the Food and Agriculture Organization of 
the United Nations [43] and the TDI expressed by WHO [42] (Fig. 3.5). 
Predicted internal concentration of DDT in fish for environmental relevant 
scenarios (low/high polluted sites for 1 and 5 % plastic ingested were below the 
levels of concern for human consumption for fish of 5 mg kg-1 (Table A3.9). 
However, maximum predicted internal concentrations for extreme scenarios 
(lifelong 50 % ingested plastic for a highly polluted site) were substantially 
higher than the level of concern in food with a maximum of 7.53 and 8.15 mg 
kg-1 transferred from PVC and PE respectively (Table A3.9). Nevertheless, such 
scenario is not considered environmentally relevant.  
For Phe, daily intakes were substantially below the TDIs derived by WHO [45] 
(Fig. 3.5). Maximum predicted concentrations of Phe transferred from PE to the 
fish, even for worst case scenarios (65.67 mg kg-1 predicted for 50 % ingested 
plastics for a high polluted site for a lifelong plastic ingestion) were below the 
levels of concern for human consumption for fish of 490 mg kg-1 (Table A3.9).  
Regarding DEHP-low polluted site, the daily intake from contaminated fish and 
worm were below the TDIs for EU [46] and Asia [47], while daily intake from 
marine bird was slightly above the TDI expressed by the EU (Fig. 3.5). 
Interestingly, daily intake of DEHP for marine organisms exposed to a higher 
polluted site, considered as an industrialised estuary [48], was substantially 
above the human health guidelines (Fig. 3.5).  
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Figure 3.5 Comparison between predicted internal concentrations of Phe, DDT and 
DEHP in low (LP) and high polluted (HP) sites in lugworm (▲), fish (■) and seabird 
() to the different tolerable daily intake (TDIs) guidelines expressed for each 
contaminant, i.e. the TDI from WHO  [42, 45] (—–), EFSA [46] (– – –) and CFS Hong 
Kong [47] (···), level of concern in fish [44] (–·–), level of concern in meat [43] (–··–),   
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ABSTRACT 
Environmental risk assessment requires models for estimating the 
bioaccumulation of untested compounds. So far, bioaccumulation models have 
focused on lipophilic compounds, and only a few have included hydrophilic 
compounds. Our aim was to extend an existing bioaccumulation model to 
estimate the oral uptake efficiency of pollutants in mammals for compounds 
over a wide Kow range with an emphasis on hydrophilic compounds, i.e. 
compounds in the lower Kow range. Usually, most models use octanol as a single 
surrogate for the membrane and thus neglect the bilayer structure of the 
membrane. However, compounds with polar groups can have different affinities 
for the different membrane regions. Therefore, an existing bioaccumulation 
model was extended by dividing the diffusion resistance through the membrane 
into a outer and inner membrane resistance, where the solvents octanol and 
heptane were used as surrogates for these membrane region, respectively. The 
model was calibrated with uptake efficiencies of environmental pollutants 
measured in different mammals during feeding studies combined with human 
oral uptake efficiencies of pharmaceuticals. The new model estimated the 
uptake efficiency of neutral (RMSE=14.6) and dissociating (RMSE=19.5) 
compounds with logKow ranging from -10 to +8. The inclusion of the Khw 
improved uptake estimation for 33% of the hydrophilic compounds (logKow<0) 
(r2=0.51, RMSE=22.8) compared to the model based on Kow only (r2=0.05, 
RMSE=34.9), while hydrophobic compounds (logKow>0) were estimated 
equally by both model versions with RMSE=15.2 (Kow&Khw) and RMSE=15.7 
(Kow only). The model can be used to estimate the oral uptake efficiency for 
both hydrophilic and hydrophobic compounds. 
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4.1 INTRODUCTION 
With the implementation of the REACH legislation in the European Union 
(EU), thousands of compounds need to be tested for their potential to damage 
human health and the environment [1], and the legislation in Canada and USA 
demands similar information [2-3]. However, due to financial, practical and 
ethical constraints not all of these compounds can be investigated in the 
laboratory or field, and models are needed to predict the fate and effects of 
untested compounds. Kinetic bioaccumulation models are based on mechanistic 
processes describing different routes of uptake and elimination pathways. 
Pollutants are acquired via the skin, lungs or gills, and through ingestion. For 
terrestrial mammals exposed to non-volatile pollutants, ingestion is considered 
to be the major uptake route.  
Most bioaccumulation models consider the uptake of pollutants via food to 
depend on advective transport along the gastro intestinal tract (GIT) and passive 
diffusion from the food through the GIT epithelium into the portal venous 
system [4-5]. The diffusion process is described as diffusion through a series of 
aqueous and lipid layers with independent and additive resistances [5-7]. The 
diffusion resistance is corrected with a partition coefficient to account for the 
partitioning between the different layers. The partitioning from water into the 
membrane is commonly approximated by the octanol water partition coefficient 
Kow [6-7]. 
However, Kow as a single descriptor fails to mimic the bilayer structure of the 
membrane, which might influence the permeation of compounds with polar 
groups, such as -OH or NH [8-14]. The molecular structure of octanol and 
phospholipids are to some extent comparable, as they both consist of lipid tails 
with polar head groups. However, octanol and phospholipids are arranged 
differently in bulk solution or the membrane, respectively. The polar groups of 
octanol are distributed within the bulk solution, whereas the phospholipids are 
ordered, thus creating a bilayer structure with an apolar membrane centre and an 
outer membrane with polar groups. Goodwin et al. (2001) [12] demonstrated 
that compounds with the same Kow had different permeability through Caco2 
cell lines depending on the number of hydrogen bond groups they possessed; 
the more hydrogen bond groups, the lower the permeability. At the same time, 
permeation increased with increasing Kow for compounds with a similar number 
of hydrogen bond groups. Thus, the Kow value provided information about the 
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tendency of the pollutant to permeate through the membrane, but additional 
information was required to correct for the hydrogen bond strength of the 
pollutant. As most pharmaceuticals contain polar groups, much of the research 
in pharmacology has been devoted to improve the uptake estimation of polar 
compounds based on descriptors such as the polar surface area, number of 
hydrogen bond groups, or scaled hydrogen bond strengths [15-17].  
So far, most studies in environmental science have focused on bioaccumulation 
and effects of (very) lipophilic compounds [18-20], while less attention has 
been given to more hydrophilic compounds. Therefore, the aim of the present 
study was to develop a model that estimates the assimilation of substances over 
a wide Kow range, i.e., calculated log Kow  ranging from -10 to +8 with special 
emphasis on hydrophilic compounds. We hypothesised that the uptake 
estimation of hydrophilic compounds would be improved by the inclusion of a 
descriptor that accounted for the bilayer structure of the membrane. We 
modelled the membrane permeation by splitting the membrane resistance into 
two resistances: i.e., an outer and an inner membrane resistance, where octanol 
reflected the polar outer membrane and heptane the apolar inner membrane.    
 
4.2 METHODS 
MODEL DEVELOPMENT 
Full model “Kow&Khw”. The uptake rate of the pollutant is inversely 
proportional to a series of flow delays and diffusion resistances as reflected by 
the first part of Equ-4.1. This includes the advective transport of pollutants 
through the gastro intestinal tract (GIT), diffusion through the unstirred water 
layer in the GIT lumen, diffusion through the membrane, and transport away 
from the uptake site by blood circulation (Figure 4.1). The second part in Equ-
4.1 describes the fraction of the pollutant contained in the undigested food. The 
uptake rate constant scales allometrically with organism weight with the 
exponent κ=1/4 [5, 21] (Equ-4.1) 
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Figure 4.1 Overview of the processes during the uptake of pollutants. The pollutant is 
ingested together with food, diffuses through the unstirred water layer and the 
membrane and is subsequently transported away by the blood. Each of these processes 
is explained in the text, and the symbols are defined in Table 4.1. 
Uptake of compounds is usually described by the uptake efficiency E (no units), 
which is derived by dividing the uptake rate of the pollutant kx,in [μg kg-1wet wt / 
μg kg-1wet wt . d-1] by the ingestion rate kin [kg kg-1 d-1] (Equ-4.2) as [5] 
ܧ ൌ ௞೔೙,ೣ௞೔೙        (Equ-4.2) 
Where kin scales to organisms mass m [kg] with a food ingestion coefficient γ1 
[kgκ d-1] and exponent κ (Equ-4.3) according to [5] 
݇௜௡   ൌ ߛଵ כ ݉ି఑      (Equ-4.3) 
A diffusion resistance reflects the layer thickness divided by the surface area 
and the diffusion coefficient through that specific phase. The water layer 
diffusion resistance ρw [d kg-κ] was assumed to be similar for the compounds 
considered, ignoring the relatively small variability due to molecular weight [5]. 
The diffusion through the membrane was split into an outer ρom [d kg-κ] and 
inner ρim [d kg-κ] membrane resistance, which were related to the water phase by 
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the octanol-water Kow and the heptane-water Khw partition coefficients, 
respectively. Kow values were taken from databases as described below. Khw 
values were calculated using (Equ-4.4) 
ܭ௛௪ ൌ  ௄೚ೢ௄೚೓       (Equ-4.4) 
where Koh was obtained from El Tayar et al. (1991) [11] according to (Equ-4.5)  
logܭ௢௛ ൌ 3.54 כ ܣ ൅ 0.37      (Equ-4.5) 
(n=75; r=0.915; s=0.450; F=325.6)    
with A as the hydrogen bond donor strength of the pollutant as proposed by 
Abraham et al. (1993) [22].  
The ingestion flow delay was approximated as the inverse of the ingestion rate 
coefficient γ1 [kgκ d-1] multiplied by the fraction of the pollutant contained in the 
undigested food [5]. In order to extend the model to the hydrophilic range, we 
included an undigested water compartment (pew), in addition to the undigested 
lipid compartment (pel). The pollutant concentration in the lipid and water 
compartment were modelled as a function of the lipid (plip) and water (1-plip) 
content of the food and the assimilation efficiencies for lipids (p1l) and water 
(p1w), respectively (Equ-4.7 and Equ-4.8). The water compartment represents 
the intake of the aqueous food phase as well as drinking water. The flow delay 
of the pollutant removal from the uptake site by advective blood circulation can 
be approximated with the inverse of the cardiac output coefficient γB [kgκ d-1] 
multiplied with the blood water partition coefficient Kbw [23]. However, the 
blood flow delay in mammals is very fast compared to other processes (data not 
shown). We neglected the blood flow delay, as it would have increased the 
complexity of the model without adding further information.   
Finally, a fraction of the pollutant is egested together with the undigested lipid 
(pel) and water (pew) of the food (Equ-4.7 and Equ-4.8).  Thus, we calculated the 
uptake efficiency E (no units) using (Equ-4.6)   
ܧ  ൌ   ଵ
൬ ఘೢ ା ഐ೚೘ ಼೚ೢ  ା 
ഐ೔೘ 
಼೓ೢ ା 
భ
ംభכ ൫೛೐೗ శ ೛೐ೢ൯ ൰ 
כ ଵ ሺ௣೐೗ ା ௣೐ೢሻ כ  
ଵ
ఊభ                  (Equ-4.6) 
where 
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݌௘௟ ൌ ሺ1 െ ݌ଵ௟ሻ כ ݌௟௜௣ כ ܭ௢௪     (Equ-4.7) 
݌௘௪ ൌ ሺ1 െ ݌ଵ௪ሻ כ ሺ1 െ ݌௟௜௣)     (Equ-4.8) 
 
Simplified version “Kow only”. The full model (Kwo&Khw) described above was 
compared to a more simple version, where the bilayer of the membrane was 
neglected and thus the diffusion resistance only modelled as a function of Kow, 
i.e. ρim =0.  
DATA COLLECTION 
Uptake efficiencies. Two data sets were used. The first data set was taken from 
Hendriks et al. (2001) [5], who collected uptake efficiencies of pollutants from 
feeding studies reported in peer reviewed journals. We only used data from 
mammals, i.e., rats (40 chemicals), cows (14 chemicals), rabbits (3 chemicals), 
mice (1 chemical) and monkey (1 chemical). The second data set was taken 
from Zhao et al. (2002) [17], who collected the oral uptake efficiencies of 
pharmaceuticals measured in humans. The uptake efficiencies of the 
pharmaceuticals were obtained by measuring the concentration of the drug and 
its metabolites in blood, urine and faeces. Zhao et al. (2002) [17] evaluated the 
quality of all collected data, and the drugs were excluded if their uptake was 
limited by dissolution rather than diffusion, dose dependent or measured 
unreliably. Thus, for this study, all data from group 1 (compounds 1 –169) and 
group 2 (zwitterions, compounds 170 – 189) from Zhao et al. (2002) [17] were 
used. We excluded drugs which were known to be substrates of transport 
proteins such as PEPT1. This exclusion applied to digoxin, amoxicillin, 
ampicillin, cefadroxil, cefatrizine, ceftriaxone, cephalexin, glycine, levodopa, 
loracarbef, methyldopa  [24],  amoxicillin [25], and ascorbic acid [26]. 
Furthermore, we excluded mannitol because it is a paracellular pathway marker 
[27-28] and thus does not diffuse through the membrane.  
Experimental designs. The data sets contained a variety of experimental designs. 
In pharmaceutical studies, the drugs were administered with or without food, 
with or without fasting before and/or after administration, and as a tablet or 
dissolved in water [29-30]. In the food studies, the contaminants were 
administered with or without fasting, diluted in oil or water, and dosed either 
with a stomach tube or mixed in the food (e.g. [31-32]). Most drugs and 
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pollutants were administered as single doses, except one food study which used 
multiple dosing.  
Descriptors. For the chemicals in the food data set, we used the Kow values 
reported in [5], and obtained the hydrogen bond donor strength (A) values from 
Abraham et al. (1994) [33], estimated from Platts et al. (1999) [34] or set to zero 
if there were no typical hydrogen bond donor groups (i.e., OH, NH or NH2). For 
the pharmaceutical data set, we used Kow and A directly from Zhao et al. (2002) 
[17], who calculated the Kow using Biobyte (version 2.0.0b, Claremont, CA, 
USA) and A using the method of Platts et al. (1999b) [35]. The data set 
consisted of a diverse set of compounds with a Kow ranging from -10 to +8, an A 
from 0 to 2.5 and a molecular weight from 44 to 650 g mol-1.  
PARAMETERISATION  
The food ingestion coefficient γ1 was obtained from Hendriks et al. (2001) [5], 
who derived the value from studies reported in literature. As the coefficients for 
drinking water and food ingestion were similar, we used a single value for 
uptake  via drinking water and eating. When available, we estimated the food 
lipid fraction plip  from the experimental design. In cases where this was not 
possible, we used a default value of 0.03 for plip [5] for the feeding studies, and 
assumed that administration of pharmaceuticals occurred after fasting and only 
with drinking water, thus plip = 0. The assimilation efficiencies of lipids (p1l) was 
approximated with average values reported previously [36-37], while the water 
assimilation efficiency (p1w) was estimated by comparing different studies [38-
40]. Similar assimilation efficiencies were assumed for all data points, i.e. p1l 
and p1w of 0.8 and 0.5 respectively. 
The water layer resistance ρw, outer ρom  and the inner ρim membrane resistance 
were fitted simultaneously to the whole data set. The resistances obtained in 
Hendriks et al. (2001) [5] were chosen as initial values, and optimization was 
conducted by minimising the summed squared residuals using solver in 
Microsoft Excel 2001. The resistances were fitted independently  for both the 
“Kow&Khw“ and “Kow only“ model versions, and the best model was chosen 
using the Akaike`s Information Criterion (AIC) [41]. Under the assumption that 
the error in the uptake efficiencies is approximately the same for all chemicals, 
AIC is calculated by (Equ-4.9)  
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ܣܫܥ ൌ ݊ כ ݈݊ ቀோௌௌ௡ ቁ ൅  2݇     (Equ-4.9) 
Where n is the number of compounds, RSS the summed squared residuals and k 
is the number of fitted parameters plus one for the estimated mean [42-43]. The 
95% confidence interval for the fitted parameter was calculated using the 
approach of Kemmer and Keller (2010) [44].  
SENSITIVITY ANALYSIS  
The model sensitivity towards parameter variation was evaluated by changing 
one parameter value at the time and analysing the influence on the estimated 
uptake efficiency for 10 fictional compounds with varying logKow (-5 to 7) and 
hydrogen bond donor strength A (0 and 1.5). We varied the parameters ρw, ρom, 
and ρim, within their 95% confidence interval, changed plip  within the range we 
used in the data set, and estimated upper and lower level of γ1 from Blueweiss 
1978 [45] and Farlow 1976 [46]. The 95% confidence interval of p1l was 
approximated from lipid uptake efficiency measured in two fish species [37, 47] 
and p1l was varied within a range we considered realistic. In addition, we once 
also used all minimal and once all maximal values. The detailed values are 
listed in Appendix 4 Table A4.2.   
As our data set contained both neutral and dissociating compounds, we 
evaluated also the model sensitivity towards dissociation by conducting two 
additional fits. We fitted both models to those compounds occurring at 
respectively more than 50% and 95% neutral speciation at the pH of 6.5. This is 
the typical pH of the mucus layer in the upper small intestine [48], which is 
generally considered as the major uptake site. The pKa`s were calculated using 
the software from ACD/Labs (Toronto, Canada).  
 
4.3 RESULTS  
GENERAL PATTERN IN MEASURED DATA  
The measured uptake efficiencies (n=241) are shown in Figure 4.2. The uptake 
efficiency increased with increasing logKow up to a logKow of – 0.5, then 
remained constant to a logKow of 6, and decreased afterwards. Within the logKow 
range of -3 to 2, the majority of the compounds with strong hydrogen bond 
donors had lower uptake efficiencies than  pollutants with no or weak hydrogen 
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bond donors but similar Kow values (p <0,005 with two tailed paired t-test where 
compounds were paired if they differed less than 0.1 logKow unit, see also Figure 
4.2).  
 
Figure 4.2 The measured (dots) and estimated (“Kow&Khw“ model version, shaded) 
uptake efficiencies E [%] as a function of the logKow and different hydrogen bond 
strengths A. Colour of dots and shaded area are categorized for different A (see 
legend). The uptake estimation was calculated using the parameters listed in Table 4.1 
and  a lipid fraction plip of 0.03.  
 
MODEL PREDICTION  
The “Kow&Khw“ model followed the data pattern observed in the measured data 
set (Figure 4.2), i.e. the uptake efficiency for compounds with strong hydrogen 
bond donors was estimated to be lower than for compounds with similar Kow but 
weaker hydrogen bond donors. The parameters used or obtained by fitting are 
shown in Table 4.1. When both models were fitted to the full data set, the 
“Kow&Khw” version (AIC = 693, RMSE = 17.1, Figure 4.3) performed only 
slightly better than the “Kow“ only version (AIC = 708, RMSE = 18.4, Figure 
4.3). This was mainly due to the fact, that both models estimated similar uptake 
efficiency for most compounds (Figure 4.4). However, uptake efficiencies of 
33% of the compounds with logKow below 0 was estimated differently by the 
two model versions, and for these compounds the new “Kow&Khw“ performed 
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much more accurate (r 2= 0.51,  AIC = 55, Figure 4.5) than the “Kow only“ 
model (r2=0.05, AIC = 59, Figure 4.5). So, adding the inner membrane 
resistance indeed improved uptake efficiency estimation for hydrophilic 
compounds. Both models estimated the neutral compounds more accurately 
(RMSE = 14.6 in both models) than the dissociated compounds (RMSE equalled 
19.5 and 21.8 for the “Kow&Khw“ and for the “Kow only“ model, respectively).   
 
Table 4.1 Parameterization of the “Kow&Khw“ and “Kow only” model versions.  
 Name Value  Unit 
Coefficients in both models 
κ Allometric scaling coefficient 0.25a No units  
plip Lipid fraction 0.03, or as in experiment No units 
p1w Water assimilation efficiency 0.5b No units 
p1l Lipid assimilation efficiency 0.8c No units 
γ1 Ingestion coefficient 0.05a kgκ d-1 
ρw Water layer resistance 3.7 [1-11] · 10-5d d kg-κ 
Resistances of the Kow&Khw version  
ρom Outer membrane resistance 0.12 [0-0.9]d d kg-κ 
ρim Inner membrane resistance 6.2 [1.6-43] · 10-5d d kg-κ 
Resistances of the Kow only version 
ΡOM Membrane resistance 0.84 [0.24-4]d d kg-κ 
a Hendriks et al. 2001 [5] 
 b Schroeder 1981 [36], Steffens 1996 [37] 
 c Altman and Dittmer [38], Calder and Braun[39], Edwards 1975[40] d this study 
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Figure 4.3 Measured vs estimated uptake efficiencies E [%] for neutral (◊) and 
dissociated (x) pharmaceuticals, and for environmental contaminants (Δ) for the 
“Kow&Khw“ (top) and the “Kow only“ (bottom)  model versions.  
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Figure 4.4 The “Kow&Khw“ and the “Kow only“ model version estimated different 
uptake efficiencies for some compounds, while the estimation were comparable for all 
other compounds. Shown are neutral (◊) and dissociated (x) pharmaceuticals, and 
environmental contaminants (Δ). 
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Figure 4.5 Measured vs estimated uptake efficiencies E [%] for the subset of data 
where the “Kow&Khw“ and the “Kow only“ model version estimated different efficiencies. 
Top: estimated with the “Kow&Khw“ model (RMSE = 22.8, AIC = 55). Bottom: 
estimated with the “Kow only“ model (RMSE = 34.9, AIC = 59). All compounds in the 
subset had a logKow < 0 and were neutral  (◊) or dissociated (x). 
   
r2=0.51 
r2=0.05
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MODEL SENSITIVITY ANALYSIS 
In order to evaluate the influence of dissociation on model performance, we also 
fitted both models to the subsets of compounds occurring at >50% and >95% 
neutral speciation at the pH of 6.5. The parameters obtained from the different 
fits deviated less than a factor of 4, thus always being within the 95% 
confidence interval of the parameter fit from the whole data set. Also the AIC 
and RMSE of the neutral compounds were similar in all fits (see Appendix 4 
Table A4.1). Therefore, we focused on the parameters from the fit to the whole 
data set. 
Most estimated efficiencies were hardly affected by variation of one parameter 
within their 95% CI or otherwise determined range (see also Appendix 4 Table 
A4.2). The compounds with logKow=7 and A=0, as well as logKow = 0 and A = 
1.5 were most sensitive towards parameter variation, where estimated uptake 
efficiency ranged from 19- 99% and from 3-90%, respectively. Among the 
parameters, the model was most sensitive towards variation in the ingestion rate 
coefficient.  
 
4.4 DISCUSSION  
UNCERTAINTIES IN DATA AND MODEL 
In this study, a model was developed to estimate the accumulation of substances 
over a wide Kow range, and estimation of hydrophilic compounds was improved 
by inclusion of a inner membrane resistance. The model was based on 
mechanistic assumptions about the uptake processes and calibrated using a 
chemically diverse set of compounds measured in various mammals.  
Our model estimated uptake efficiency with an RMSE of 17.1. Part of this 
variability might reflect the fact that we combined a wide range of experimental 
designs. In addition, Palm et al. (1997) [49] reported an average standard 
deviation of 9% in measured uptake efficiencies for 16 pharmaceuticals 
contained in our data set [50]. Furthermore, we excluded all compounds of 
which we knew that the diffusion through water and lipid layer were not rate 
limiting. However, the compounds contained in the data set still might be 
transferred by other processes such as paracellular transport, active transport or 
lipid digestion mechanisms [51-55]. All studies in our data set were conducted 
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either under laboratory conditions or with mammals living in the temperate 
climate zone. Therefore, we neglected temperature effects on rates. Moreover, 
hydrophilic compounds in our data set were only measured in humans, therefore 
future research should validate the logKow < 0 range also for other species. 
COMPARISON WITH THE OUTCOMES OF OTHER STUDIES  
Hydrophilic compounds. Goodwin et al. (2001) [12] fitted a linear regression 
model to their data set using a heptane–glycol partition coefficient, and a model 
with linear combination of logKow and the hydrogen bonds descriptor ΔlogP. 
Both regressions clearly highlight the importance of all descriptors, however, 
both models were calibrated to a small data set (n = 8) and the descriptors 
heptane–glycol partition coefficient and the ΔlogP are rather difficult to obtain. 
Zhao et al. (2002) [17] fitted different linear and nonlinear free energy 
relationship models to their data set, and their best model (Equ. 4.12, AIC = 
483) was better than the two model versions in the present study when 
comparing the pharmaceutical data set only (AIC ≥ 516). As logD is commonly 
used for dissociating compounds instead of Kow, we also refitted our three model 
versions using logD6.0 as reported by Linnankoski et al. (2006) [56]; however, 
the prediction was similar or worse than using the Kow (results not shown).  
Therefore, our models did not provide better estimations of the uptake of 
pharmaceuticals compared to previously reported models in terms of statistical 
indices like AIC. However, our uptake models were based on underlying 
mechanistic processes, accounted for different rate limiting processes, included 
different mammalian species and used a larger data set covering a more 
extensive Kow range.  
Lipophilic compounds. The uptake estimation of very lipophilic compounds has 
been intensively investigated. In our model approach, the decreased uptake 
efficiency at high Kow was attributed to high concentration in the egested food 
due to the low solubility in the water layer, and therefore is similar to the 
approach of Gobas et al. (1988a) [4]. However, other studies explained the 
decrease with steric hindrance limiting membrane permeation [57-58] or 
experimental artefacts when measuring bioaccumulation factors [59]. All in all, 
the precise mechanism involved in the uptake of very hydrophobic substances is 
not fully understood yet and further investigations are needed.  
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MECHANISTIC INTERPRETATIONS  
Rate limiting steps. The model related the rate–limiting step of the uptake 
process to the lipophilicity of the compound (Figure 4.6). For most compounds 
with logKow < 0, the diffusion through the outer membrane was rate limiting. 
For compounds with similar logKow but strong hydrogen bond donors, the 
diffusion resistance was highest in the inner membrane (Figure 4.6, case for A = 
1.5). Compounds with logKow from -1 to ≈9) were taken up faster, and the 
ingestion flow delay limited the uptake. The uptake of compounds with logKow 
> 9 was probably mainly limited by the fraction of the pollutant which remained 
absorbed to the undigested food lipids. If compounds with very high Kow are 
administered only with water, no decrease of uptake efficiency was expected or 
observed in our data set. This is consistent with bioconcentration models 
describing the uptake of lipophilic compounds from the water into fish through 
e.g. gills [5].  
 
 
Figure 4.6 The rate–limiting process changes along the Kow gradient and includes the 
diffusion resistance through the water layer, outer membrane and inner membrane 
(depicted for A = 0 and A = 1.5) and the ingestion flow delay.  
Membrane resistances. The outer membrane resistance of the “Kow&Khw“ model 
was smaller than the membrane resistance in the “Kow only“ model (Table 4.1 
and Table A4.1 in appendix 4, respectively). This can be explained 
Outer membrane resistance
Inner membrane resistance
A=0       A=1.5 
water layer resistance
Ingestion flow 
delay for  
plip=0 
plip=0.03 
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mechanistically from the permeation through the membrane. As the surface area 
and the diffusion coefficient in octanol can be assumed to be similar, the 
different resistance values should reflect the different layer thicknesses. 
Therefore, the smaller resistance in the “Kow&Khw“ model with octanol 
representing the outer membrane only, might reflect a smaller layer thickness 
compared to the Kow model only, where octanol represents the whole 
membrane. 
Dissociation. The model and the mechanistic explanation was originally 
developed for neutral compounds. However, our results show that, as a first 
approximation, dissociating compounds can be treated similarly like neutral 
compounds, although the estimation error was slightly larger for the dissociating 
compounds.  
CONCLUSIONS 
A mechanistic model was developed to estimate the uptake efficiency of 
hydrophilic and lipophilic pollutants in mammals via contaminated food or 
drinking water. While the fit of the data has not been improved in comparison to 
previous studies, the model presented is based on underlying mechanisms, 
facilitating extrapolation to other compounds. In addition, equation 4.6 can be 
rewritten to uptake rates, rather than uptake efficiencies, allowing extrapolation 
to other species using size scaling. The uptake estimation was especially 
improved for hydrophilic compounds by accounting for the bilayer structure of 
the membrane. Future research should validate the extrapolation of the 
hydrophilic part of the model to other mammals.  
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ABSTRACT 
Most toxicokinetic and bioaccumulation models include passive diffusion as the 
only uptake mechanism. However, xenobiotics can act as substrates for 
membrane transport proteins. The aim of this study was to analyse the carrier-
mediated uptake by identifying molecular descriptors that account for 
differences in uptake kinetics between substances. We collected data for the 
Michaelis-Menten constant KM and the maximum uptake rate vMAX of 
pharmaceuticals, endobiotics/genous, environmental contaminants, and other 
chemicals, i.e. indican and bromosulfophthalein. Kinetic parameters were 
measured in in vitro studies using transport proteins expressed in the apical 
membrane of the human intestinal enterocytes. We found that most logKM and 
logvMAX values of the different transport proteins and chemicals were highly 
correlated (r2=0.76, RMSEFIT=0.53), while the clearance rate log(vMAX/KM) of 
most chemicals deviated less than one order of magnitude from the mean of 
0.96 µL/mgprotein/min. The best model for logKM consisted of the descriptors 
maximal projection radius, positive charge, solvent accessible positively 
charged surface area, hydrogen bond acceptor count and aromatic atom count 
(r2=0.56, RMSE=0.86). The best model for logvMAX included the maximal 
projection radius only (r2=0.39, RMSE=0.88). Our study provides a first insight 
into descriptors relevant for carrier-mediated intestinal uptake kinetics of 
xenobiotics. 
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5.1 INTRODUCTION 
Toxicological and environmental risk assessment requires the evaluation of 
chemicals regarding their potential to damage human health and the 
environment. Due to financial, ethical and practical constraints, not all 
compounds can be tested, and models are needed to evaluate untested 
compounds. Mechanistic bioaccumulation models often include different uptake 
and elimination routes, and so far, passive diffusion is usually the only uptake 
route considered [1-3]. Similarly, ADME models focusing on uptake prediction 
of pharmaceuticals are usually based on passive diffusion only [4-6]. However, 
xenobiotics, such as pharmaceuticals, toxins and environmental pollutants, have 
been shown to act as substrates for membrane transport proteins [7-8]. The 
uptake of pharmaceuticals or their metabolites with food might become 
important if they accumulate in food chains [9-11]. It is not clear yet to what 
extent the carrier-mediated uptake contributes to the overall uptake of 
xenobiotics, and opinions range from “all is carrier-mediated” [7, 12] to 
“coexistence of carrier-mediated transport and passive diffusion” [13]. 
However, it is recognized that the influence of both influx and efflux transporter 
should be considered as it can highly influence the absorption and distribution 
of pharmaceuticals and other xenobiotics [14-17]. Within the intestinal influx 
transporters of the solute carrier families (SLC), especially the organic anion 
transporting proteins (OATP) [18] or the peptide transporters (PEPT) [19] 
received attention due to their rather broad substrate tolerance. 
Carrier-mediated transport shows saturation kinetics that is commonly described 
by Michaelis Menten kinetics using the half-saturation constant KM and the 
maximal transport rate vMAX, where under certain conditions 1/KM reflects the 
affinity of a substrate to the protein (compare Briggs and Haldane 1925 [20]). 
The ratio of vMAX/KM is the clearance rate, and reflects the first-order transport 
rate constant if substrate concentrations [S] are low, i.e. [S] << KM. KM and 
vMAX have been measured for different substrate and protein combinations. 
Three-dimensional models have been used to determine substrate requirements 
and to estimate the binding affinity for different substances and influx transport 
proteins such as e.g. the human PEPT1 and OCTN2, OATP1B1, or rodent 
oatp1a5 [19, 21-26]. These studies indicate that the substrate protein interaction 
occurs through hydrogen bonds, ionic and/or van de Waals interactions, at the 
required steric position. Such models may provide a good estimation for a given 
substrate – transport protein combination. However, to our knowledge, no 
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models are available (yet) for intestinal influx transport proteins of the solute 
carrier family expressed at the apical membrane of human enterocytes, except 
for PEPT1 and OCTN2. Furthermore, most of these models were based on 
inhibition data of a model substrate transport and not on the KM of the transport 
process itself. Recently, a QSAR study was published classifying chemicals as 
(non)-substrates and (non)-inhibitors of influx and efflux transporters, albeit 
without considering the kinetics of the transport process [27]. At present, the 
variation in vMAX has been determined only in a few case studies, mainly with a 
focus on understanding the transport process itself, see e.g. Loo et al. 2008 [28]. 
So far, very little effort has been spent on comparing KM and vMAX to each other 
and to molecular properties, i.e. across different substrates and transport 
proteins.  
The aim of this study was to analyse the kinetics of carrier-mediated transport in 
relation to differences between transport proteins and between substrates. We 
combined various substrates and transport proteins in one data set and tested 
how KM and vMAX of different substrates and transport proteins were related to 
each other. In addition, we correlated vMAX, KM and the clearance rate (vMAX / 
KM) to chemical descriptors. Such an analysis can help to understand the factors 
determining vMAX and KM of different substrates and transport proteins, and may 
give insight into the major drivers of the carrier-mediated transport, irrespective 
of the specific transport protein. Understanding the differences and similarities 
of carrier-mediated transport in vitro might help to understand the kinetics in 
vivo, especially when the findings can be generalized for a tissue such as 
intestine. Therefore, our focus was on influx transporters of the solute carrier 
family SLC expressed in the apical membrane of the enterocytes of the human 
small intestine.  
 
5.2 METHODS 
THEORY 
The carrier-mediated transport rate v [pmol mgtotP-1 min-1] can be described by 
the Michaelis-Menten kinetics using the maximal transport rate vMAX [pmol 
mgtotP-1 min-1], the substrate concentration [S] [pmol μL-1] and the half-saturation 
constant KM [pmol μL-1] (Equ-5.1). It is noted that mgPtot refers to all cell 
proteins and not only to transport proteins. 
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ݒ  ൌ   ݒெ஺௑   ·   ሾௌሿ௄ಾାሾௌሿ      (Equ-5.1) 
vMAX is the product of the internalization rate constant kint [min-1] and the total 
transport protein concentration [PT] (Equ-5.2)  
ݒெ஺௑ ൌ ݇௜௡௧  · ሾ ்ܲሿ      (Equ-5.2) 
and KM is defined as in Briggs and Haldane 1925 [20] (Equ-5.3). 
 ܭெ ൌ   ௞೏೔ೞೞ ା ௞೔೙೟௞೑೚ೝ೘         (Equ-5.3) 
where kdiss [min-1] is the substrate-protein complex dissociation rate constant, 
and kform [μL pmol -1 min-1] the substrate-protein complex formation rate 
constant. If kint << kdiss, KM is comparable to the stability constant of the 
substrate-protein complex KS, which then can be used to evaluate the affinity of 
a substrate towards the protein. At very small substrate concentrations, i.e. [S] 
<< KM, (Equ-5.1) reduces to (Equ-5.4) and the uptake kinetics can be described 
with a first-order uptake rate constant. 
ௗௌ೔೙೟
ௗ௧  ൌ
௩೘ೌೣ
௄ಾ כ ሾܵሿ      (Equ-5.4) 
Regression modelling. In this study, we correlated the logvMAX with the logKM 
of various substrates and transport proteins. In addition, we used linear 
regression models to correlate logKM, logvMAX and the ratio log(vMAX / KM) to 
chemical descriptors. Chemicals with missing logvMAX values were excluded 
from the regressions analysis of log(vMAX / KM). 
DATA COLLECTION AND DESCRIPTOR CALCULATION 
Data collection. A literature research was conducted to collect KM and vMAX 
values for substrates of human influx transport proteins belonging to the solute 
carrier super family (SLC) that are expressed in the apical membrane of 
enterocytes in the human small intestine, i.e. PEPT1, OATP1A2 and 2B1, 
SGLT1, MCT1, EAAC1, PAT1, PCFT and OCTN2 [29-31]. We only 
considered data of experiments where the transport of the chemical itself was 
measured, and where the wild type transporter was used. For vMAX, we only 
used data that were reported in the units “mol per mg of total protein per time”, 
e.g. [pmol mgtotalProtein-1 min-1]. All KM and vMAX collected here were based on 
the following two experimental designs: Cell lines which naturally do not 
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express the specific transport protein were transfected with the gene of the 
specific transport protein, and the uptake into these transfected cells was 
measured. Correction for uptake by passive diffusion was made by measuring 
and subtracting the uptake into control cells, i.e. non- or mock-transfected cells. 
Cell lines collected in this study included HEK293, Hela, MDCK, CHO and 
Xenopus laevis oocytes (see e.g. references [8, 32-35]); but for Xenopus laevis 
only KM data were considered. In addition to the transfected cell lines, five 
experiments measured the uptake into Caco-2 cells, where the relevant transport 
protein was already present. The corresponding correction for uptake by passive 
diffusion is described elsewhere (see e.g. refrences [36-37]). In total, the search 
yielded KM and vMAX values for 21 endobiotic/genous compounds, 22 
pharmaceuticals, 1 toxin, 3 environmental pollutants and 2 others, i.e. indican 
and bromosulfophthalein. For 10 chemicals, the descriptor could not be 
calculated (see below) and these chemicals were therefore excluded (see Table 
A5.3 in appendix 5). Nevertheless, the final data set contained natural substrates 
of the transport proteins (endobiotic/genous) as well as “foreign” chemicals 
(xenobiotics) using these transport proteins. If the KM and vMAX values of a 
given compound were reported more than once, the geometric mean of KM and 
vMAX were calculated. Six chemicals were transported by both OATP2B1 and 
OATP1A2. In those cases, the KM and vMAX values were also combined and the 
geometric mean was calculated. This calculation was necessary in order to relate 
the vMAX and KM of different compounds to independent chemical descriptors. 
Descriptors. Substrate-protein interactions have been identified to occur through 
hydrogen bonding, ionic and van der Waals interactions, see e.g. references [19, 
21-22]. Therefore, we selected all descriptors accounting for these specific and 
non-specific intermolecular interactions. We also added the octanol-water 
partitioning coefficient, as its explanatory power for KM of metabolizing 
enzymes has been shown previously [38]. Finally, also descriptors reflecting 
size, shape or surface area of chemicals were included to account for steric 
effects.  
For each chemical, all molecular descriptors of the package ChemAxon 
(http://wiki.ochem.eu/w/Chemaxon_descriptors) and Mopac 
(http://wiki.ochem.eu/w/MOPAC) were calculated using the open source web-
tool Ochem [39]. More detailed information on descriptor calculation and data 
set treatments such as e.g. elimination of correlated descriptors are available in 
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the appendix A5.1. The set of descriptors used for the regression analysis is 
listed in Table 5.1.  
 
Table 5.1 ChemAxon (C) and Mopac (M) descriptors accounting for hydrogen bonding, 
ionic and van de Waals interactions, octanol-water partitioning and size.  
Symbol Description Usagea 
Hydrogen bonding  
HBD Hydrogen bond donor count at pH 7.4 (C) KM ,vMAX 
HBA Hydrogen bond acceptor count at pH 7.4 (C) KM 
Ionic interaction  
FCPOS Formal positive charge at pH 7.4 (C) KM 
FCNEG Formal negative charge at pH 7.4 (C) KM ,vMAX 
pKa pKa of strongest acid  (C) KM ,vMAX 
pKb  pKb of strongest base (C) KM ,vMAX 
ACmicrospec Average microspecies charge at pH 7.4 (C) removed 
elISO Isoelectric point (C) KM,vMAX 
Van der Waals  
DipSum Molecular dipole (M) KM ,vMAX 
DipPointCharge Molecular dipole (M) removed 
avpol Average molecular polarizability at pH 7.4 (C) removed 
Partitioning  
logKow Octanol-water partition coefficient (C) KM 
logD7.4 Octanol-water partition coefficient at pH 7.4 (C) removed 
Size   
radiusMAX Radius of the maximal projection area (C) KM 
sizeMAX Maximal projection size (C) KM, vMAX 
areaMAX Maximal projection area (C) removed 
Arac Aromatic atom count (C) KM 
Alac Aliphatic atom count (C) vMAX 
ASA Solvent accessible surface area at pH 7.4 (C) removed 
ASA+ Solvent accessible surface area (+) at pH 7.4 (C) KM ,vMAX 
ASA- Solvent accessible surface area (-) at pH 7.4 (C) vMAX 
PSA Topological Polar Surface area (2D) at pH 7.4 (C) removed 
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vdWsa Van de Waal surface area at pH 7.4 (C) removed 
volume Waals volume of the molecule (C) removed 
mass Molecular mass (C) removed 
aIndicates whether descriptor was used for KM, and/or vMAX, or removed due to 
correlation with other descriptors. 
 
STATISTICAL METHODS 
Regression modelling and variable selection. We searched for the best 
regression model using a generalized linear model approach implemented in R 
(bestglm [40-41]). An exhaustive search combined all possible variable 
combination and selected the best model using the Akaike information criterion 
(AIC). We restricted the model selection to models with a maximum of 7 (KM 
data set) or 4 (vMAX and vMAX/KM data set) descriptors, thus following the rule of 
thumb that there should be at least 5 times more data points than descriptors in 
order to reduce the probability of chance correlation [42]. In addition, we 
searched for the single descriptors out of the starting set that was highest 
correlated to vMAX and KM, respectively. For each linear regression model, the 
AIC, the multiple and adjusted r2, p-value and the root mean squared error 
(RMSE) were calculated.  
Outlier analysis. The Cook`s distance was used to evaluate if there were 
influential outliers. The Cook’s distance was calculated in R and a data point 
was identified as an outlier when the Cook`s distance was equal to or larger than 
1.0 [43]. 
 
5.3 RESULTS 
In this study, the vMAX and KM of a diverse set of chemicals handled by various 
transport proteins were combined in one dataset, and linear regression were 
developed correlating vMAX and KM with each other and with chemical 
descriptors. The resulting regressions are listed in Table 5.2 with their goodness 
of fit, and Figure 5.1 and 5.2 depict the selection of the best models.  
Relationship between vMAX and KM. LogKM and logvMAX were highly correlated 
(r2=0.76, regression A), but the correlation became weaker (r2=0.27, regression 
B) when the PBDEs were included (Figure 5.1). All three PBDEs were 
measured in the same study [8]. With values of 0.17-0.23, the Cook’s distances 
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for the PBDEs were below the critical value of 1.0. The vMAX/KM ratio of most 
compounds deviated less than a factor of 10 from the mean of 0.96 μL pmol-1 
mgProtein-1 (Figure 5.1). However, here the PBDEs were outliers (Cook`s distance 
= 1.0), and their vMAX/KM ratio was three orders of magnitude higher than the 
mean (Figure 5.1). 
VMAX and descriptors. From all the descriptors in the starting set, maximal 
projection radius showed the highest correlation with logvMAX (r2=0.39, 
regression C, Figure 5.2). The method used in this study did not result in a 
model being better than regression C (AIC > 65, results not shown). The PBDEs 
were no outliers (Cook`s distance << 0.5). However, the scatter within the 
regression itself was rather large, and a 100 times smaller vMAX would still 
deviate less than one order of magnitude from the predicted vMAX (Figure 5.2).  
KM and descriptors. Regression D in Table 5.2 reflects the set of descriptors that 
best described the observed variability in logKM (Figure 5.2). There were no 
models with 6 or 7 descriptors and a lower AIC than model D. From all the 
descriptor in the starting set, mass (r2=0.33, model E) and logKow (r2=0.32, 
model F) as single descriptors showed the highest correlation with logKM (Table 
5.2). The PBDEs were no outliers in regression D-F (Cook`s distance << 0.5). 
We also developed transporter specific models for the proteins where most data 
were available, i.e. OATP2B1 (n=13), OATP1A2 (n=12, with 6 chemicals in 
overlap with OATP2B1) and PETP1 (n=5). Compared to the overall 
regressions, the transporter specific models were either not better (OATP2B1 
and 1A2), or in the case of PETP1 better but based on a very small data set 
(n=5) with a small range in KM spanning less than one order of magnitude 
(results shown in Table A5.2 in appendix 5).  
VMAX/KM and descriptors. The variation of log(vMAX/KM) between different 
compounds could not be explained with a descriptor of our starting set. When 
the PBDEs were included, any regression was highly influenced by the PBDEs. 
Therefore, we did not report these regressions in Table 5.2. After excluding 
PBDEs, the best model was a constant (intercept) with no variable (model G). 
As an additional approach, we used the difference of regressions C and D to 
predict log(vMAX/KM), i.e. log(vMAX/KM) = C-D. When excluding the PBDEs, the 
prediction (RMSE = 0.76) was as good as using the constant value (RMSE = 
0.70). However, the model was better in predicting the PBDEs, as the residual 
for the PBDEs of the prediction was smaller (RMSE = 0.96) than the deviation 
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from the mean (RMSE=3.28), and the PBDEs were no outliers (Cooks distance 
< 0.5) 
 
 
Figure 5.1 Correlation between vMAX [pmol/mgProtein/min] and KM [µM] (top), while 
their ratio is rather constant (bottom). In both figures, the PBDEs (□) are outliers, while 
the endobiotic/genous (▲), pharmaceuticals (♦) and others (■) follow the same trend. 
Shown are the regressions (solid line) with the 95% confidence intervals (dashed line). 
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Figure 5.2. Measured vs. predicted logKM [µM] (top) and vMAX [pmol/mgProtein/min] 
(bottom) for pharmaceuticals (♦), endobiotic/genous (▲), PBDEs (□) and others (■). 
Depicted are also the 1:1 line (solid line) and the deviation of 1 order of magnitude 
(dashed line).  
   
  
 
Table 5.2 Regressions correlating KM and vMAX with chemical descriptors with corresponding RMSE, multiple (m) and adjusted (a) r2, level 
of significance (p) and the Akaike Information Criterion (AIC).  
alevel of significance: ***<0.001; **`<0.005; **<0.01    
  n m RMSE r2 
(m) 
r2 
(a) 
pa AIC commentb
A LogvMAX  = 0.70 logKM +1.5                     18 1 0.54 0.77 0.76 *** 34.6 excl. BDE 
B LogvMAX  = 0.45 logKM +2.3                          21 1 0.96 0.31 0.27 ** 63.6 incl. BDE 
C LogvMAX = –0.32 radiusMAX +5.2 21 1 0.88 0.42 0.39 **` 60.1  
D Log KM   = +1.5 FCPOS –0.50 radiusMAX –0.10 Arac  +0.24 
HBA7.4 +0.004 ASA+       +3.7 
39 5 0.86 0.62 0.56 *** 112.5  
E Log KM   = –0.004 mass +3.4 39 1 1.13 0.33 0.32 *** 126.4  
F Log KM    = –0.23 logKow +1.9 39 1 1.15 0.32 0.30 *** 127.3  
G Log(vMAX/KM) ~ const = 0.96 18 0 0.70 - - - - excl. BDE 
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5.4 DISCUSSION 
UNCERTAINTIES IN DATA 
In this study, we collected kinetic parameters of various substrates for intestinal 
influx transporters and correlated vMAX and KM values to each other, and 
searched for molecular descriptors to explain the variability in vMAX, KM and the 
vMAX / KM ratio. We merged different transport proteins and experimental 
conditions into one data set, which can influence the measured value of vMAX 
and KM such that the corresponding uncertainties need to be discussed.  
KM. The influence of different experimental conditions and different transport 
proteins on the measured KM was evaluated using chemicals where KM was 
reported multiple times. For 7 out of these 9 chemicals, the KM values differed 
less than a factor of 6, despite the different cell lines, pH and temperature, and 
in the case of OATP substrates, different proteins. For estrogen-3-sulfate and 
bromosulfophthalein differences were higher with factor of 12 and 29, 
respectively (see Table A5.4 in appendix 5). However, this range is still small 
compared to the total range of KM in the data set which varied by a factor of 
88000. Therefore, merging different experimental conditions were regarded as 
justified as a first approximation. 
vMAX. The variable vMAX depends on the amount of expressed transport proteins 
[PT] (Equ-5.2). In experimental cells, [PT] depends on the transfection method, 
the cell line and other factors. Yet, as [PT] was not reported, all vMAX regressions 
and interpretations thereof were based on the assumption that the variability in 
transport protein expression was, on average, small compared to the differences 
in vMAX. This assumption can be evaluated using 3-estrone-sulfate, as there were 
eight different vMAX reported with a mean logvMAX equalling 2.82. The vMAX was 
measured in four different cell lines (HEK, CHO, Hela, and MDCK2) 
expressing OATP2B1 (seven values) or OATP1A2 (1value). Therefore, 
variation in vMAX reflects the variation in the amount of expressed and 
functional transport proteins, as well as variation in vMAX due to different 
experimental conditions. As indicated by the standard deviation of 0.65 log 
units, six out of the eight values lied within one order of magnitude, including 
the vMAX measured in OATP1A2. However, there were also two outliers such 
that the highest vMAX was two orders of magnitude higher than the lowest vMAX. 
For comparison, the temporal variation of the amount of expressed and 
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functional PEPT1 and SGLT1 in membranes was reported to vary up to a factor 
of 3 [44-45]. Therefore, the assumption that the variation in [PT], on average, is 
small compared to the differences in vMAX might be reasonable for most cases, 
even though larger errors can occur as well. In fact, the PBDEs which were 
measured in one study might pose an example where this assumption might not 
be justified. A higher vMAX due to high [PT] might account for the deviation of 
the PBDEs in regression A, B (i.e. logvMAX vs. logKM) and G (i.e. constant 
log(vMAX/KM) for all chemicals). The vMAX of the PBDEs were no outlier in 
regression C (i.e. logvMAX vs. radius), probably because of the rather large 
scatter within the regression. Future research should investigate in more detail 
the role of PBDEs.  
COMPARISON  TO  OTHER  STUDIES  AND  MECHANISTIC 
INTERPRETATIONS 
vMAX and KM. vMAX and KM are mathematically connected by the internalization 
rate constant (Equ-5.2) and (Equ-5.3), which can explain the high correlation 
between logvMAX and logKM. Both logKM and logvMAX depend on the maximal 
projection radius, and the coefficients were similar in both regressions C and D. 
This might indicate that kint seems to depend on the radius of the molecule, i.e. 
internalization tends to become slower with increasing molecular size of the 
substrate. Possibly, translocation of large chemicals through internal “pores” is 
more difficult and thus slower.  
As reflected by regression D, logKM depends, apart from the projection radius, 
on other factors as well. The aromatic atom count might account for size-related 
properties, thus supporting the important role of the size of the molecule. In 
addition, also polar interactions appear to be important: logKM was larger for 
compounds with increasing hydrogen bond acceptor counts, positive charge and 
solvent accessible positively charged surface area. However, this describes only 
the overall trend in transport kinetics. When evaluating the transport kinetics of 
a single transport protein, the steric position of these groups should to be 
considered as well. For example, a positive charge can increase or decrease 
logKM for PEPT1 depending on its location within the chemical structure [22]. 
Nevertheless, it can be concluded that polar interactions indeed influence 
logKM, and the sign of the coefficients indicate the dominant influence within 
our dataset, i.e. whether e.g. charge increases or decreases KM.  
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The contribution of lipophilicity to the explained variability in logKM was 
probably rather low. In regression D no descriptor directly accounted for non-
specific interactions, even though aromatic atom count might reflect to some 
part also non-specific interactions. When focusing on the one-descriptor 
regressions E and F, both mass and logKow were correlated to a similar extend to 
the logKM of the calibration set. However, logKow and mass were correlated 
with each other to an even larger extent (r2=0.59) such that the correlation of 
logKow with logKM might simply reflect the correlation of both properties with 
mass. Furthermore, the assumption of kint<<kdiss might not be valid for transport 
proteins, such that one should be careful when interpreting logKM as a binding 
affinity (Equ-3). This is in contrast to metabolizing enzymes, where a high 
correlation between logKow and logKM was observed and explained with the 
affinity of the substrate towards the enzyme being dominantly determined by 
the protein-water partitioning [38]. Nevertheless, also the models for PEPT1 
and OCTN2 identified regions where hydrophobic groups can increase the 
affinity of the substrate towards the transport protein [21, 26]. Therefore, it is 
possible that in addition to mass (through kint) also lipophilic interactions 
(through binding) might contribute to some extent to the logKM of transport 
proteins, but more research is needed to better evaluate the relevance of these 
processes. 
kint and kint/KM. From a mechanistic point of view, the use of kint would be 
preferred over vMAX, as vMAX depends also on the amount of expressed transport 
proteins [PT]. If we assume that all cells had a similar amount of expressed 
transport proteins which equalled the concentration of artificially OATP1B3 and 
2B1 expressed in HEK cells in the study of Ji et al. [46], the internalization 
constant kint for the chemicals in the different experiments (excluding PBDEs) 
ranged from 0.003 s-1 to 55 s-1. Even though this is a rough estimation, the 
obtained values covered the range of rate-limiting rates (0.5-5 s-1) reported for 
SGLT1 [28] and lac carrier of E.coli [47]. The corresponding kint/KM rate varied 
from 9·102 to 2·105 s-1M-1 with a geometric mean of 104 s-1M-1. This is a 
considerable narrow range compared to metabolizing enzymes, where e.g. ADH 
and ALDH together cover a kcat/KM range from 100 to 109 s-1M-1 [48-49]. As 
such, our estimate of kint/KM for transport proteins is slower than the rate of 108 
to 109 s-1M-1 for the enzymes of “kinetic perfection” [50]. This suggests that the 
transport efficiency is probably – at least within the experimental conditions – 
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not limited by the diffusion of the substrate to the transporter, but rather by the 
transport process itself.  
Conclusions and outlook. The regressions developed in this study gave a first 
insight into the overarching principles in carrier-mediated transport. 
Nevertheless, care should be taken when interpreting regressions involving 
vMAX, as the transport protein contents were unknown in the experiments. Future 
research should determine transport protein concentrations both in vitro and in 
vivo in order to further advance our understanding of carrier-mediated uptake of 
xenobiotics and to improve such type of analysis. 
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ABSTRACT 
Most toxicokinetic models consider passive diffusion as the only mechanism 
when modelling the oral uptake of chemicals. However, the uptake of nutrients 
and xenobiotics such as pharmaceuticals and environmental pollutants can be 
mediated by influx transport proteins increasing their overall uptake. We 
incorporated carrier-mediated transport into a one-compartmental toxicokinetic 
model originally developed for passive diffusion only. The predictions were 
compared with measured oral uptake efficiencies of nutrients and 
pharmaceuticals, i.e. the fraction of the chemical reaching systemic circulation. 
Including carrier-mediated uptake improved model predictions of hydrophilic 
nutrients (RMSE=10% vs 55%, Coefficient of Efficiency (CoE) =0.5 vs -8.9) 
and pharmaceuticals (RMSE=22% vs 28% and CoE=-0.45 vs -1.10). However, 
the still negative CoE for pharmaceuticals indicates that further improvements 
are needed, most importantly a more accurate estimation of vMAX and KM as well 
as the determination of the amount of expressed and functional transport protein 
content both in vivo and in vitro.  
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6.1 INTRODUCTION 
REACh as well as other assessment regulations require the evaluation of 
chemicals regarding their potential to harm human health and the environment 
[1-3]. However, practical, financial and ethical constraints make it unfeasible to 
test all chemicals, and models are needed to predict the fate and effects of 
untested chemicals. Mechanistic bioaccumulation models estimate the 
toxicokinetics of chemicals by considering different uptake and elimination 
routes, where these processes are often assumed to occur through passive 
diffusion [4-6]. However, particularly when considering absorption of chemicals 
via ingestion, it is known that for a number of pharmaceuticals and nutrients the 
oral uptake strongly depends on the contribution of influx transport proteins [7-
9]. Furthermore, environmental pollutants such as polybrominated diphenyl 
ethers (PBDE) have been shown to act as substrates of influx transport proteins 
expressed in the human and e.g. mice intestine [10-12]. Uptake mediated by 
intestinal influx transport proteins can lead to higher absorption of chemicals 
than expected from passive diffusion solely. Therefore, carrier-mediated uptake 
should not be neglected when dealing with chemicals known as substrates of 
intestinal influx transport proteins. 
In pharmaceutical sciences, influx as well as efflux transporters expressed in the 
enterocytes or other cells have been included in several complex multi-
compartment models (see review by e.g. [13]), where some have also been 
applied in commercial simulation softwares such as e.g. ACAT-GastroPlus® 
from Simulation plus (www.simulations-plus.com) or ADAM from SimCyp® 
(www.simcyp.com). While these types of models can provide accurate 
predictions, they all rely on numerous input parameters. Unfortunately, these 
input parameters are often lacking when models are applied to a large range of 
substances and species, for example for screening purposes in both human and 
ecological risk assessment. In these cases, simple models that rely on fewer 
input parameter can be of advantage. Furthermore, simple models may also be 
easier to interpret when evaluating the role of carrier-mediated transport to the 
overall uptake of substances.  
While it is clear that influx transport proteins are important for the oral uptake 
of some chemicals, the overall role of carrier-mediated uptake and its 
determining factors are not yet fully understood. For example, it remains 
unclear how many chemicals act as substrates of influx transport proteins, and if 
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they do, how much the carrier-mediated uptake contributes to the overall 
uptake. Dobsen et al.  [14] and Kell et al. [15] proposed that “essentially all 
membrane transport of pharmaceuticals is carrier-mediated”. On the other hand, 
Sugano et al. [16] and Di et al. [17] suggested the coexistence of both routes 
where the contribution of carrier-mediated transport to the overall uptake of a 
carrier-mediated compound will depend on the diffusive membrane 
permeability of the substrate, the kinetic properties of the transport process, the 
concentration of the transport proteins and the substrate at the membrane, and 
the electrochemical gradient over the membrane [16]. Most of the discussion 
was based on studies using cell lines, and it remains difficult to draw clear 
conclusions for the in vivo situation. In such a situation, a simple mathematical 
model can provide a useful tool to investigate this question based on theoretical 
considerations.  
The aim of this study was to incorporate carrier-mediated transport into an 
existing oral uptake one-compartment model, based on passive diffusion only. 
We evaluated the model using human oral uptake efficiencies of nutrients and 
pharmaceuticals, and assessed the relevance of carrier-mediated transport 
compared to passive diffusion. In the case of pharmaceuticals, we focused on 
the situation where the chemical acts as a substrate for influx transport proteins 
expressed at the apical membrane of human enterocytes, and excluded 
chemicals that are transported by efflux transporters. Here we build on our 
previous work where we 1) extended the oral uptake model for passive diffusion 
to the hydrophilic range [6] and 2) developed regression models to estimate in 
vitro vMAX and KM values from chemical descriptors (under review, Chapter 5). 
 
6.2 METHODS 
MODEL  
Toxicokinetic model. In a previous study, we developed a model to estimate oral 
uptake efficiencies for chemicals [4, 6], where the uptake efficiency was 
inversely proportional to a series of diffusion resistances and advective flow 
delays. After ingestion of the chemical with food or drinking water, advective 
transport carries the chemical through the intestinal tract (Figure 6.1). 
Subsequently, the chemical needs to diffuse through the unstirred water layer at 
the intestinal wall, followed by the transfer across the apical membrane, the 
Chapter 6: Including carrier­mediated transport 
115 
 
cytoplasm and basolateral membrane of the enterocytes. Finally, the chemical is 
transported away by blood circulation.  
 
Figure 6.1 The uptake process includes a series of diffusion resistances and flow delays. 
Advective transport carries the chemical through the gastro-intestinal tract, followed by 
the diffusion of the chemical through the unstirred water layer. The chemical crosses the 
membrane by either passive diffusion or carrier-mediated transport. The subsequent 
diffusion through the cytoplasm, the basolateral membrane and removal by blood are 
not depicted as they were assumed to be not rate limiting (see text). Symbols are 
explained in Table 6.1. 
Besides these diffusive and advective transport processes, also the fraction of 
food or drinking water that is egested was taken into account, as this influences 
the amount of the chemical that is excreted in the feces [4, 6]. By combining 
these processes the oral uptake efficiency can be calculated using Equ-6.1  
ܧ  ൌ   ଵ
൬ ఘೢ ା ோಾ ା  భംభכ ൫೛೐೗ శ ೛೐ೢ൯ ൰ 
· ଵ ሺ௣೐೗ ା ௣೐ೢሻ ·  
ଵ
ఊభ   (Equ-6.1) 
The first part of Equ-6.1 denotes the diffusion resistance of the unstirred water 
layer ρw [d kg/kg] in the lumen, the membrane resistance RM [d kg/kg] and the 
ingestion flow delay 1/γ1 [d kg/kg] of the undigested water pew [kg/kg] and lipid 
pel [kg/kg] compartment of the food. The membrane resistance RM reflects the 
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transport through the apical membrane of the enterocytes, where passive 
diffusion and carrier-mediated transport occur in parallel (Equ-6.4) and is 
described in more detail below. The second part of Equ-6.1 reflects the fraction 
of the chemical remaining in the undigested food. The uptake efficiency E (no 
unit) is derived by dividing the chemical uptake rate by the ingestion rate (third 
part of Equ-6.1, see [4, 6] for full derivation and detailed explanation of the 
model).   
The term pel + pew describes the affinity of chemical for the undigested lipid and 
water compartment, respectively, and are defined in Equ-6.2 and Equ-6.3:  
݌௘௟ ൌ ሺ1 െ ݌ଵ௟ሻ · ݌௟௜௣ · ܭ௢௪     (Equ-6.2) 
݌௘௪ ൌ ሺ1 െ ݌ଵ௪ሻ · ሺ1 െ ݌௟௜௣)     (Equ-6.3) 
where p1l [kg/kg] and p1w [kg/kg] denote the assimilation efficiency of the lipid 
and water compartment. plip refers to the lipid content of the food, and Kow to the 
octanol water partition coefficient [6]. 
We consider that a chemical is “taken up” once it passed the apical membrane 
of the enterocytes (see Figure 6.1), assuming that the passage through the 
cytoplasm and the basolateral membrane will not be rate limiting. The removal 
of the chemical by blood circulation is also neglected, as this step is fast in 
humans compared to other processes [18]. 
All parameters from [6] were used to parameterize the passive diffusion part of 
the toxicokinetic model. The resistances and flow delays from [6] were 
converted to describe the resistances and flow delays of a 70kg person 
expressed per kg of bodyweight (Table 6.1). More details on the 
parameterisation are described in the appendix A6.1.  
The membrane resistance RM of the apical membrane consists of the passive 
diffusion resistance through the membrane RPD [d kg/kg] and the carrier-
mediated transport resistance over the membrane RCM [d kg/kg]. These two 
fluxes were considered as parallel resistances as demonstrated in Figure 6.1 and 
Equ-6.4.  
ଵ
ோಾ ൌ  
ଵ
ோ಴ಾ ൅
ଵ
ோುವ      (Equ-6.4)  
The passive diffusion membrane resistance RPD is the sum of the diffusion 
resistances of the outer and the inner membrane region [6]. The outer membrane 
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resistance is a function of the outer membrane resistance coefficient ρom [d 
kg/kg] and the octanol-water partition coefficient Kow, while the inner 
membrane resistance depends on the inner membrane resistance coefficient ρim 
[d kg/kg] and the heptane-water partition coefficient Khw (Equ-6.5). Khw can be 
derived as the ratio of the Kow and the octanol-heptane partition coefficient Koh.  
ܴ௉஽ ൌ   ఘ೚೘௄೚ೢ ൅
ఘ೔೘
௄೓ೢ ൌ  
ఘ೚೘
௄೚ೢ ൅
ఘ೔೘
 ಼೚ೢ
಼೚೓
     (Equ-6.5) 
The heptane-octanol partition coefficient was calculated as a function of the 
Abrahams hydrogen bond donor strength descriptor (A) [19] 
logܭ௢௛ ൌ 3.54 ܣ ൅ 0.37      (Equ-6.6) 
(n=75; r=0.915; s=0.450; F=325.6)   
Carrier-mediated transport was described according to Michaelis-Menten 
kinetics, where the transport rate v [pmol/mgtotal protein/d] is a function of the 
substrate concentration [S] [pmol/µL] and the transport rate constant kt 
[µL/mgtotal protein/d]. The transport rate constant kt depends on the substrate 
concentration [S] itself, the half saturation constant KM [pmol/µL] and the 
maximal transport velocity vMAX [pmol/mgtotal protein/d] (Equ-6.7).  
ݒ ൌ  ݇௧ ·   ሾܵሿ ൌ ௩ಾಲ೉௄ಾାሾௌሿ · ሾܵሿ      (Equ-6.7)  
vMAX is a lumped parameter combining the intrinsic transport rate kint 
[pmol/pmol/d] multiplied with the transport protein concentration [TP] 
[pmol/mgtotal protein (Equ-6.8). 
ݒெ஺௑ ൌ  ݇௜௡௧   · ሾܶܲሿ      (Equ-6.8)  
The carrier-mediated transport resistance RCM [d kg/kg] is inversely 
proportional to the transport rate constant kt (Equ-6.9).  
ܴ஼ெ ൌ   ଵ௞೟ ൌ
௄ಾା ሾௌሿ
௩ಾಲ೉       (Equ-6.9) 
When substrate concentrations [S] are small, i.e. [S]<<KM, Equ-6.9 reduces to  
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ܴ஼ெ ൌ   ଵ௞೟ ൌ
௄ಾ
௩ಾಲ೉       (Equ-6.10) 
where the carrier-mediated resistance RCM is independent of the substrate 
concentration. 
In vitro-in vivo extrapolation. The carrier-mediated resistance RCM was 
estimated using in vitro vMAX and KM values. The in vitro vMAX with the units 
[pmol mgtotal protein1 min-1] were scaled to per kg of a 70 kg person [pmol kg-1 d-1] 
by accounting for the following factors: 1) the typical total protein content of 
experimental cells versus the enterocytes, 2) the transport protein content in the 
experimental cells versus the enterocytes, 3) the number of cells contained in 
the human small intestine and 4) the typical human body weight (e.g. 70 kg). 
There is little quantitative information available on whether, and to what extent, 
the transport protein expression per mg of total protein varies between in vitro 
and in vivo conditions. Therefore we introduced the factor Fiviv accounting for 
the in vitro:in vivo differences, and fitted it to different (sub) data sets of 
hydrophilic nutrients and pharmaceuticals. Finally, a pragmatic value of 
Fiviv=100 was chosen (see Appendix A6.1.2). Some studies measured vMAX (and 
KM) in brush border membrane vesicles and consequently also normalized the 
vMAX to the total protein content of the vesicle. If this was the case, a correction 
was made for the relative enrichment of the transport compared to the total 
protein. The in vivo-in vitro extrapolation is explained in detail in the appendix 
A6.1.  
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Table 6.1 Parameterization of the uptake model.  
 Description Unit Typical 
value 
Ref 
γ1 Food ingestion coefficient kg kg-1 d-1 a0.02 [4] 
kint Intrinsic transport rate pmol pmol-1 
µL-1 
variable  
KM Half-saturation constant pmol µL-1 variable  
Kow Octanol-water partition coefficient [-] variable  
pel Undigested lipid fraction kg kg-1 Equ-6.2 [6] 
pew Undigested water fraction kg kg-1 Equ-6.3 [6] 
p1l Lipid assimilation efficiency kg kg-1 0.8 [6] 
p1w Water assimilation efficiency kg kg-1 0.5 [6] 
RCM Carrier-mediated resistance d kg kg-1 Equ-6.6  
RM Total membrane resistance d kg kg-1 Equ-6.4  
RPD Passive diffusion resistance 
coefficient 
d kg kg-1 Equ-6.5  
ρom Outer membrane diffusion 
resistance coefficient 
d kg kg-1 a0.35 [6] 
ρim Inner membrane diffusion 
resistance coefficient 
d kg kg-1 a1.79· 10-4  
ρw Water layer resistance coefficient d kg kg-1 a1.07 · 10-4 [6] 
[S] Substrate concentration pmol µL-1 variable  
[TP] Transport protein concentration pmol mgP-1 unknown  
v Carrier-mediated transport rate pmol min-1 
mgP-1 
Equ-6.7  
vMAX Maximal transport rate pmol min-1 
mgP-1 
Variable  
aconverted from reference [6] to describe a 70 kg person 
DATA COLLECTION  
Empirical uptake efficiencies. Oral uptake efficiencies were collected for 
nutrients and pharmaceuticals. Values for nutrients were used, regardless 
whether or not they were substrates of transport proteins or not. All 
pharmaceuticals used in this study were substrates for transport proteins of the 
solute carrier super family (SLC) expressed in the apical membrane of 
Chapter 6: Including carrier­mediated transport 
 
120 
 
enterocytes in the human small intestine, i.e. PEPT1, OATP1A2 and OATP2B1, 
OCTN2 and PMAT [20-23].  
Oral uptake efficiencies were obtained from bioavailability data, usually 
determined as the fraction reaching systemic circulation or being excreted as 
drug or its metabolite into urine (and feces) after an oral and intravenous dose. 
However, bioavailability does not necessarily reflect uptake efficiency, and 
reliable data need to be collected carefully [24]. In our study, we excluded 
substances where bioavailability was limited by chemical dissolution within the 
intestinal lumen [24-25]. We excluded also rosuvastatin, fexofenadine, 
atorvastatin and ampicillin as their uptake efficiency is known to be reduced by 
the efflux transporters P-glycoprotein, MDR2 and BCRP [26-31]. Furthermore, 
also valacyclovir was excluded because the uptake was found to be higher 
correlated to the expression of efflux transport proteins than PEPT1, suggesting 
an important role of efflux transporters in reducing the uptake of valacyclovir as 
well [29]. If the uptake efficiencies of nutrients depended strongly on the food 
matrix (e.g. folate [32]), the uptake of the readily bioavailable form was chosen. 
Where possible we collected the uptake efficiency at different doses. For the 
amino acids, galactose and fructose, as well as for the pharmaceuticals 
cephradin, midodrine, cefaclor and lisinopril, uptake efficiency applied to one 
dose only or represented general values without specific doses (see appendix 
A6.2.1).  
Luminal substrate concentration [S]. The substrate concentration was estimated 
by dividing the administered dose by the volume of gastric fluid (250 mL) [33]. 
If the dose was not available, we assumed for pharmaceuticals that substrate 
concentrations were small, i.e. [S]<< KM. For nutrients, we assumed that 
[S]=KM, as it was often observed that the KM of these transporters is close to the 
physiological concentration of the natural substrate [34]. For the amino acids, 
we used the measured amino acid concentration in the human jejunal content 
three hours after protein rich meals [35]. Unfortunately, this study did not report 
corresponding uptake efficiency and we used the general uptake efficiency for 
amino acids as reported by the WHO report [36] (see appendix A6.2.1) 
Empirical vMAX and KM parameters. The kinetic parameters vMAX and KM of 
nutrients and pharmaceuticals were also collected from literature (appendix 
A6.2.2). Uptake kinetics in experiments were measured using the following 
three procedures: 1) A cell line not expressing the relevant transport protein was 
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transfected with the transporter, and uptake into this cell was measured, or 2) 
the uptake was measured into the Caco-2 cell line constitutively expressing the 
relevant transport protein, or 3) the uptake into brush border membrane vesicles 
was measured. If more than one value was available for a chemical, the 
geometric mean was calculated regardless if the values were reported for the 
same or for different transport proteins. For glucose, KM values measured in 
human in vivo were used [37-38]. If in vivo or in vitro data were lacking, 
regressions A and D from Table 5.2 (Chapter 5) were used to estimate in vitro 
vMAX and KM. The flow chart in appendix A6.1.1 provides an overview on the 
parameterization used for the model. 
Chemical descriptors. LogKow values were estimated using Kowwin v 1.68 
[39], and if available, measured values were preferred over estimated values. 
The hydrogen bond donor strength A was obtained from the ACDLabs software 
[40]. 
STATISTICS  
Root mean squared error. The estimation error was quantified using the root 
mean squared error (RMSE). In order to weigh all the chemicals similarly for 
the RMSE calculation, we corrected for the different number of data points 
(doses) per chemicals by first calculating the RMSE per chemical 
ܴܯܵܧ௜ ൌ  ට∑ ൫௢೔,೏ି ௣೔,೏൯
మ೙೏సభ
௡      (Equ-6.11) 
Where oi,d and pi,d are the measured and predicted oral uptake efficiencies in 
percent [%] of chemical i at the dose d, respectively, and n the number of data 
points (doses) reported for this chemical.  
Subsequently, we calculated the RMSE per chemical group (hydrophilic 
nutrients, hydrophobic nutrients, and pharmaceuticals) by averaging all the 
RMSEi of the chemicals:  
ܴܯܵܧ௠௢ௗ௘௟ ൌ ∑ ሺோெௌா೔ሻ
೘೔సభ
௠       (Equ-6.12) 
where m denotes the number of chemicals.  
Coefficient of Efficiency. The model performance was additionally evaluated 
using the Coefficient of Efficiency (CoE). We corrected for the different amount 
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of data points per chemical by first calculating for each chemical the average 
squared residual between the prediction and the measurement 
ܵܵܧതതതതത௜   ൌ ∑ ൫௢೔,೏ି ௣೔,೏൯
మ೙೏సభ
௡       (Equ-6.13) 
Also, for each chemical we calculated the average squared residual between the 
measurement and the overall mean of the measurements  
ܵܵܧതതതതത௜,௠௘௔௡    ൌ
∑ ൫௢೔,೏ି ௢೘೐ೌ೙൯మ೙೏సభ
௡      (Equ-6.14) 
Where omean denotes the average oral uptake efficiency across all data points in 
the data set.  
Finally, the CoE per chemical group (hydrophilic nutrients, hydrophobic 
nutrients, and pharmaceuticals) was calculated using  
ܥ݋ܧ ൌ 1 െ ∑ ሺௌௌாതതതതത೔  ሻ೘೔సభ∑ ൫ௌௌாതതതതത೔,೘೐ೌ೙ ൯೘೔సభ      (Equ-6.15) 
CoE ranges from minus infinity to 1. Positive values indicate that the model 
estimation is preferred over using the average of measured values, and negative 
values indicate that average values are preferred [41].  
 
6.3 RESULTS AND DISCUSSION 
IMPLEMENTATION OF CARRIER­MEDIATED TRANSPORT 
Figure 6.2 depicts the different model scenarios for oral uptake efficiencies 
when carrier-mediated transport was neglected or included. Uptake by solely 
passive diffusion increases with increasing logKow, until uptake efficiency 
reaches 100% (roughly at logKow ≈ 0) and decreases again for chemicals with 
logKow > 6. The model predicts low uptake efficiency at high logKow because of 
the high affinity of the chemical to the undigested lipids in the digestive tract 
and thus low diffusive flux through the stagnant water layer. Within the logKow 
range of roughly -2.5 to 2.0, the chemicals with strong hydrogen bond donors 
have lower uptake efficiencies than chemicals with no or weak donors but 
similar logKow due to the higher diffusion resistance in the inner membrane.  
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Figure 6.2 Model prediction for hypothetical chemicals that are taken up by passive 
diffusion only (solid lines) with either weak (e.g. A=0.5, black) and strong (A=1.5, grey) 
hydrogen bond donors, and for chemicals that are substrate for transport proteins 
(dashed lines). The carrier-mediated uptake prediction reflects the range of typically 
observed vMAX/KM ratio of influx transporters, i.e. Rcm equalling 0.1 (–·–) and 10 d kg/kg 
(–·–), respectively.  
 
Including the carrier-mediated transport into the model increased the uptake 
efficiency for hydrophilic chemicals where passive diffusion was restricted 
(logKow < -2.5 or higher if hydrogen bond donors were strong). In contrast, the 
contribution of carrier-mediated transport was negligible for 1) chemicals where 
passive diffusion solely also lead to 100% uptake or for 2) very hydrophobic 
chemicals (logKow > 6) where uptake was limited by other processes than 
membrane permeation. The carrier-mediated resistance RCM = 0.1 - 10 d kg/kg 
as estimated from vMAX/KM ratio of in vitro studies suggested that if 
(hydrophilic) chemicals are transported by carrier-mediated transport, the 
uptake efficiency would be high (>95%, see Figure 6.2). However, the uptake 
efficiency will be lower if the amount of expressed and functional transport 
proteins is lower, or if the substrate concentration is approaching or exceeding 
KM and saturation of transport occurs. Saturation effects lead to dose-dependent 
uptake efficiencies, where high doses result in lower uptake efficiency (Figure 
6.3). In contrast, the uptake efficiency is dose-independent if the uptake is 
determined by passive diffusion or if the substrate concentration are small 
compared to the KM.  
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Figure 6.3 Dose-dependent uptake efficiencies occur if carrier-mediated transport is 
the dominant membrane transfer mechanism and if the luminal substrate concentration 
[S] exceeds KM.   
 
COMPARISON WITH EMPIRICAL UPTAKE EFFICIENCIES  
Hydrophilic nutrients. The uptake efficiencies of hydrophilic nutrients, such as 
amino acids, carbohydrates (glucose, fructose, and galactose) and hydrophilic 
vitamins, were more accurately estimated by the model accounting for carrier-
mediated uptake (RMSE = 10, see Figure 6.4) than by the model based on 
passive diffusion (RMSE=55, Figure 6.4). The CoE = 0.40 for the carrier-
mediated model supported the added value of using model estimations 
compared to using averaged measured values, which was not the case for the 
passive diffusion model (CoE = -8.93). This finding is in agreement with the 
fact that numerous proteins have been identified to transport these nutrients [20, 
42-44]. For some amino acids, the values reported for different transport 
proteins varied more than 2 orders of magnitude, indicating that the model 
deviates for meals with very low or high amino acid content. Exceptions were 
noted for the amino acids with hydrophobic side chains and the vitamins B3 
(Niacin), B6 (Pyridoxine and its derivatives) and B7 (Biotin), where high uptake 
(>50%) was estimated based on passive diffusion solely. This corresponds well 
to contradicting observations on the role of transport proteins in vitamin B3 and 
B6 uptake [8, 43].  
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The model was capable of predicting the dose-dependent uptake efficiencies of 
the vitamins C (ascorbic acid) and B1 (thiamine). While the prediction for 
vitamin C was quite accurate (RMSE = 14), the uptake efficiencies for vitamin 
B1 were generally overestimated (RMSE = 28, Figure 6.4). We also noted a 
disagreement between model estimation and measurement for vitamin B2 
(riboflavin). Experiments showed a dose-independent uptake efficiency of 60% 
for doses ranging from 0.6 to 12 mg, while the carrier-mediated model 
estimated a dose-dependent uptake of 90 to 40% (see also Figure A6.3.1 in the 
appendix). 
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Figure 6.4 Measured vs. estimated uptake efficiencies of hydrophilic nutrients, i.e. 
amino acids (▲), carbohydrates () and hydrophilic vitamins (♦) including (top) and 
excluding (bottom) carrier-mediated transport in the estimations. Uptake efficiencies of 
chemicals that vary with dose are connected with dashed lines (---). Empty and filled 
symbols indicate whether KM was estimated or measured, respectively.    
 
  
Vit B2
Vit C
Vit B1
Vit C 
Vit B2 
Vit B1
Chapter 6: Including carrier­mediated transport 
127 
 
Hydrophobic nutrients. Overall, the uptake estimation of hydrophobic nutrients 
was less accurate (RMSE=36, CoE-3.2), but there were large differences 
between the subgroups. Fatty acids with medium chain length (4-12C) were 
well absorbed and are expected to diffuse passively through the membrane, even 
though the involvement of membrane transport proteins has been suggested as 
well [45]. Accordingly, the model estimated high uptake (E=100%) based on 
passive diffusion (RMSE = 0, see Figure 6.5 and Figure A6.4.1 in the 
appendix). However, for most very hydrophobic nutrients, i.e. long chain fatty 
acids (14-18C) and hydrophobic vitamins, the measured uptake efficiency was 
higher than the model predicted (RMSE = 48 for both models, see also Figure 
6.5 and Figure A6.4.1). The model estimated uptake efficiencies to be low due 
to low aqueous solubility of these large hydrophobic chemicals and therefore a 
low diffusive flux through the unstirred water layer. As a consequence, 
including carrier-mediated uptake did not influence the model prediction 
(compare also Figure 6.2).  
 
Figure 6.5 Measured vs. estimated uptake efficiencies for medium () and long chain 
(o) fatty acid as well as and for hydrophobic vitamins (◊). Including (left) or excluding 
(right) carrier-mediated uptake results in the same estimation.   
 
Pharmaceuticals. The uptake efficiencies of 18 pharmaceuticals at different 
doses were estimated with and without carrier-mediated transport, respectively 
(Figure 6.6). Overall, the model prediction improved when the carrier-mediated 
uptake was incorporated (RMSE = 22 vs. 28). Although the Coe improved by 
including carrier-mediated transport (from -1.10 to -0.45), the CoE for the full 
model remains negative. This negative CoE of the carrier-mediated model was 
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largely determined by three chemical (ipratropium, levopoda and lisinopril), as 
their prediction deviated strongly from the measurements (Figure 6.6). For 
ipratropium, the passive diffusion over the membrane was highly overestimated, 
while for lisinopril the carrier-mediated transport was overpredicted. For 
Levodopa the model predicted decreasing uptake efficiencies for the reported 
doses (E=44-17%) which was not observed experimentally (E≈86%) [33, 46-
47]. 
Nevertheless, the model generally succeeded in predicting whether the uptake 
will follow dose-dependency or not, respectively (see A6.3.2 in the appendix). 
Dose-dependent uptake efficiency indicates saturation effects of the transport 
protein, where higher doses lead to lower uptake efficiencies (Figure 6.3). For 
example, dose-dependent uptake efficiencies have been reported for six 
chemicals. The model also predicted uptake efficiencies to be dose-dependent in 
these cases (RMSE = 20), resulting in more accurate estimations than assuming 
passive diffusion only (RMSE = 39). The uptake efficiency is independent of 
the dose if uptake is determined by passive diffusion or if substrate 
concentrations are small compared to the KM. For five chemicals (beside 
Levodopa) where dose-independent uptake efficiencies were reported, also the 
carrier-mediated model estimated dose-independent uptake for the reported 
doses (RMSE = 4 for both models). Reports for cefadroxil on dose-dependent 
uptake were contradicting [33, 48-49], while the model predicted a slight dose-
dependency. Yet, the range of model prediction for the administered doses (72-
96%, average 87%) was similar to the range of measured uptake efficiencies 
(78-100%, average 91%). No reports were found for the four chemicals 
cephradine, midodrine, pitavastatin and cefaclor, suggesting that uptake might 
be dose-independent, which would be consistent with the model outcome 
(RMSE ≈ 10 for both models).  
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Figure 6.6 Measured vs. estimated uptake efficiencies of pharmaceuticals when 
including (top) or excluding (bottom) carrier-mediated transport for pharmaceuticals 
with dose-dependent uptake (♦), with dose-independent uptake or without a clear 
indication of dose-dependency (▲), and pharmaceuticals where the model failed, i.e. 
ipratropium () and lisinopril (o). Uptake efficiencies of chemicals that vary with dose 
are connected with dashed lines (---). KM was estimated (empty symbols) or taken from 
literature (filled symbols).  
 
 
Levodopa
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LIMITATIONS AND UNCERTAINTIES  
Carrier-mediated transport was incorporated into a mechanism-based model for 
intestinal uptake efficiency, using original parameters values without fitting to 
data. Including carrier-mediated transport improved the uptake estimation of 
hydrophilic nutrients and pharmaceuticals known to be substrates of intestinal 
influx transporters. In most cases, the model was also able to identify and 
estimate dose-dependent and dose-independent uptake efficiencies, respectively. 
However, while the CoE was positive for the hydrophilic nutrients, the CoE was 
negative for pharmaceuticals, mainly because of the large errors of ipratropium, 
levopoda and lisinopril. The model estimations need further improvements. The 
example of ipratropium demonstrates that the passive diffusion is still 
sometimes difficult to estimate. Maybe the positive charge of ipratropium that 
possibly cannot be spread over the whole molecule reduced its diffusive 
permeability [50]. Besides the passive diffusion, also a more accurate vMAX and 
KM estimation might reduce the prediction errors of lisinopril and levodopa. In 
general, a major challenge remains the unknown in vitro and in vivo transport 
protein expressions. And finally, the model was not able to reliably predict 
uptake of very hydrophobic nutrients. These issues are discussed below.  
Transport protein content. Neither the in vitro nor the in vivo amount of 
expressed and functional transport protein content is known. Our results 
indicated that on average, the in vitro transport protein expression was 100 
times lower than the in vivo transport protein expression. The over-expression 
systems used in in vitro systems might explain the higher transport protein 
content in vitro. For example, Ji et al. [51] reported 3-40 times higher OATP 
expression levels in transfected HEK cells compared to real tissue. Similarly, 
the expression of OATP1A2 was 23 times higher in transfected HEK cells than 
in the human brain [52], while the P-gp protein expression was 120 times higher 
in LLCPKII cells than in human liver tissue or hepatocytes [53]. These 
examples indicate that the factor of 100 assumed in this study might be 
plausible, but also demonstrate the challenges that still need to be addressed. 
Very hydrophobic nutrients. The model did not accurately predict the uptake of 
very hydrophobic nutrients, such as hydrophobic vitamins and long chain fatty 
acids. The uptake of very hydrophobic nutrients and xenobiotics is not fully 
understood yet. In our model approach, the low uptake of very hydrophobic 
xenobiotics was explained by their high affinity to undigested lipids increasing 
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resistance in the unstirred water layer. If these processes are indeed rate limiting 
for xenobiotics, then micellar solubilization involved in the digestion of the 
lipids and their transport through the water layer might explain the increased 
uptake of very hydrophobic nutrients [54]. However, also other explanations 
have been suggested: the uptake of very hydrophobic xenobiotics could be 
limited by the large molecular size hindering membrane permeation [55]. If this 
is the case, other mechanisms such as transport proteins or endocytosis may 
explain the higher uptake of very hydrophobic nutrients. More research is 
needed to fully understand the processes involved in the uptake of very 
hydrophobic chemicals and how the equally hydrophobic nutrients overcome 
them. 
Limitations of the model output. The model will always provide two outcomes: 
the uptake efficiency if the chemical follows carrier-mediated transport, or not. 
Other, ligand-based and structure-based models or background knowledge will 
be required to know whether the chemical acts as a substrate for carrier-
mediated transport or not. Nevertheless, the model does provide information on 
“what if” cases, i.e. what would the uptake efficiency be if the chemical is 
carrier-mediated.  
CONCLUDING REMARKS 
Our study demonstrates how carrier-mediated uptake can be incorporated into a 
simple one-compartment model estimating the uptake efficiency of chemicals. 
Including carrier-mediated transport improved model predictions, but some of 
the estimations still deviated substantially from measurements. To further 
improve the model it is essential to improve estimation of vMAX and KM, and 
most importantly the transport protein content both in vivo and in vitro need to 
be determined. Other, ligand-based and structure-based models or a priori 
background knowledge are needed to predict whether a chemical can actually 
act as a substrate for an intestinal influx transport protein, or not. After further 
improvements of the estimations accuracy, a similar approach could be applied 
for non-pharmaceutical xenobiotics.   
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SUPPORTING INFORMATION 
Supporting information is available in appendix 6 and contains additional 
details on the methods, lists all the data values used and shows additional 
figures with model estimations per chemical.  
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7.1 INTRODUCTION 
This thesis deals with toxicokinetic models estimating the uptake of chemicals 
via ingestion. Models were applied and extended in order to broaden the range 
of chemicals and exposure routes to which toxicokinetic models can be applied. 
The focus of this thesis is mainly on the uptake process itself. An accurate 
estimation of the extent of uptake is important: without knowing how much 
enters the organism any chemical risk assessment will be highly uncertain.  
This thesis focuses on two major options for improvement in exposure 
modeling. The first part deals with marine plastic debris, describing the extent 
to which POPs absorb to the plastic (Chapter 2), and the amount of the absorbed 
POP that is transferred to the marine species after ingestion (Chapter 3). The 
second part deals with estimating the uptake of chemicals after ingestion with 
food or drinking water with the aim of improving the uptake estimation for 
hydrophilic chemicals. We searched for new descriptors to better describe the 
passive diffusion of chemicals through the biological membrane (Chapter 4), 
analyzed how carrier mediated transport differs between different chemicals 
(Chapter 5) and incorporated carrier mediated transport into the uptake 
estimation model (Chapter 6). 
Generally, models are especially useful if they can be applied to make 
prediction for new situations, e.g., for new chemicals and new species. Each 
model has its strengths and limitations, and knowing these characteristics is 
essential if the model is applied in a new situation. This chapter discusses the 
range and type of chemicals that are covered by the models in this thesis and for 
which chemicals special care should be taken (Chapter 7.2). Subsequently, it is 
discussed to what extend the models and the findings are applicable to other 
species (Chapter 7.3). Finally, the implications of this thesis for the risk 
assessment of chemicals are discussed (Chapter 7.4).  
 
7.2 EXTRAPOLATION TO OTHER CHEMICALS 
TOXICOKINETIC TRANSFER FROM MARINE PLASTIC DEBRIS TO BIOTA 
In order to assess the risk associated with pollutant transfer between plastic 
debris and species, the chemical concentration in the plastic and the transfer 
between the plastic and the organism needs to be known.   
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Partitioning into plastic. The partitioning of chemicals into different plastics 
was compared in chapter 2. Most data were available for organic chemicals 
partitioning into  polydimethylsiloxane (PDMS) and low density polyethylene 
(LDPE). For these two plastic types, the partitioning of chemicals in the plastic 
was linearly proportional to the chemical`s octanol water partition coefficient 
for logKow values ranging from roughly 1 to 8, and the standard errors of the 
models ranged from 0.05 to 0.56. Differences between PDMS and LDPE were 
relatively small (<factor of 10). There are some uncertainties regarding the 
partitioning of PBDEs into LDPE, as there are only very few data available due 
to the large experimental difficulties to measure accurately their Kpw. It is 
therefore unclear if the observed decrease between Kow and Kpw reflects true 
steric effects or experimental inaccuracies. Unfortunately, much less data was 
available for other environmentally relevant plastic types. These few data points 
indicate that at least for non-polar organic chemicals, polypropylene (PP) might 
behave similarly like PDMS, LDPE and HDPE, while partitioning into 
polyvinylchloride (PVC) and polystyrene (PS) might be lower. The sorption 
capacity might also vary within the plastic type. For example, only the non-
crystalline fraction is expected to be involved in the sorption of chemicals in 
polyethylene, while the amount of plasticizer added might influence the sorption 
capacity of PVC [1-2]. Similar effects might occur in PP and PS due to the 
structural similarity to polyethylene and PVC, respectively. Generally, more 
research is needed to explore the relevance of these plastic specific factors [3-5]. 
When extrapolating from laboratory to marine plastic debris, a plastic type 
independent correction for ionic strength can be made. However, the influence 
of this correction factor on the partition coefficient (ΔlogKpw<0.18) was small 
compared to experimental uncertainty in the measured plastic water partition 
coefficients. The influence of temperature can be somewhat higher for 
temperature difference of 20°C (ΔlogKpw<0.64 for PAH and PCB in PDMS and 
LDPE), and it is unclear if there are plastic dependent effects. Weathering might 
increase the affinity of plastics due to an increase in surface area, while the 
addition of oxygen and increase in crystallinity might decrease the affinity, 
possibly even cancelling out any effects [6-8]. Clearly more data are needed to 
improve the understanding of chemical partitioning into HDPE, PP, PVC and 
PS. With regard to the risk assessment of plastic marine debris, it can be 
concluded that overall, the plastic water partition coefficients Kpw were either 
similar to or lower than Kow, and only in very few exceptions larger than Kow. 
The models for PDMS and LDPE covered a wide Kow range and thus can be 
Chapter 7: General discussion and Synthesis 
 
140 
 
used for extrapolation to other chemicals. The few data points indicate that, as a 
first approximation, the extrapolation to other polyethylene types and PP can be 
done for non-polar chemicals, while more data and additional models will be 
needed for PS and PVC.    
Transfer into species. In chapter 3, the transfer of pollutants from/to plastic was 
analyzed for three species of different trophic levels, i.e. a detritivorous 
lugworm, a carnivorous fish and a seabird. Plastic ingestion was predicted to 
lead to a decrease or increase in internal POP concentration in the species, 
depending on the species characteristics (see Chapter 7.3). Overall the predicted 
influence of plastic ingestion and egestion on the species internal concentration 
was relatively small (< factor of 2). The small influence was attributed to other 
uptake and elimination routes being dominant in determining the species body 
burden, e.g. respiration or food chain accumulation. However, this work only 
focused on chemicals in seawater absorbing to the plastic. The results from 
Brown et al. [9] showed that also the additives PBDE and triclosan can desorb 
from the plastic and be transferred to lugworm tissue. The impact of additives 
on the species body burden is probably different if the concentrations in the 
plastic are higher than the equilibrium concentration in water (and food chain). 
Generally, it can be concluded that the model is directly applicable to other 
chemicals if the plastic water partition coefficient is available or can be 
estimated. The findings from chapter 2 and 3 together indicate that for 
pollutants in seawater partitioning into plastic, the transfer between the plastic 
and the organism is predicted to be small compared to other pollutant uptake 
and elimination routes. This will probably hold for most organic chemicals and 
probably for most plastic types. Therefore, the influence of pollutant transfer 
between plastic and species is expected to be small (if Kpw≈Kow) or negligible (if 
Kpw<<Kow).  
ORAL UPTAKE IN MAMMALS 
The model developed in chapter 4 and 6 covered a very broad range of 
hydrophilic and hydrophobic chemicals, i.e. from logKow -10 to +10. For the 
uptake by passive diffusion, the relation between the oral uptake of chemicals 
and the corresponding logKow followed a bell shape. The uptake of chemicals 
with logKow smaller than roughly 2 will be reduced if they have strong hydrogen 
bond donors. The uptake of hydrophilic chemicals can be substantially 
increased if the chemicals follows carrier-mediated transport, depending on the 
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maximal transport rate constant vMAX and the half saturation constant KM and 
the luminal substrate concentration. In contrast, carrier-mediated transport 
appears to be unimportant for hydrophobic chemicals, where passive diffusion 
is sufficient to lead to a 100% uptake (logKow>2), or where the uptake is limited 
by other processes than membrane permeation (logKow>6, see below). As such, 
the model should, in principle, be able to estimate the uptake for most organic 
chemicals within the accuracy as described in the corresponding chapters. 
However, there are some uncertainties that need to be kept in mind when 
applying the model.  
The first uncertainty relates to the estimation of uptake by passive diffusion for 
chemicals that are ionized at the physiological pH. Fitting the model to all 
chemicals or neutral chemicals only resulted in similar parameter fits, indicating 
that ionized chemicals can, as a first approximation, be treated like neutral 
chemicals, but the estimation errors for these chemicals were larger compared to 
neutral organics. Therefore, the estimation for new chemicals will likely also be 
more uncertain if the chemical is dissociated at pyhysiological pH. This 
uncertainty came also back in Chapter 6, where the model substantially 
overestimated the passive diffusion of the positively charged ipratropium. In 
contrast, ionization is directly addressed as a descriptor in the models developed 
for carrier-mediated transport (Chapter 5).  
Second, for carrier-mediated transport the prediction uncertainties are especially 
high for vMAX, as the corresponding in vitro transport protein contents were 
unknown.  
Third, it was assumed that the very low solubility of chemicals with logKow>6 
leads to a low diffusive flux through the unstirred water layer and thus a low 
uptake of the chemical, following Gobas et al. [10]. In contrast, other 
approaches suggested that such hydrophobic chemicals are large causing steric 
effects limiting the membrane permeation [11-12]. This lack of knowledge is 
also important for the estimation of uptake of very hydrophobic nutrients such 
as hydrophobic vitamins or long chain fatty acids. These nutrients are generally 
much better absorbed than equally hydrophobic xenobiotics. However, without 
understanding the uptake of very hydrophobic xenobiotics, it will be difficult to 
unravel the major processes helping the very hydrophobic nutrients to overcome 
the rate limiting step during uptake. For example, if indeed the flux through the 
unstirred water layer is the rate limiting step, then micelles and other enzymes 
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detaching the lipids from the undigested food and transporting them through this 
water layer are the dominant process that lead to the high uptake of hydrophobic 
nutrients [13]. In contrast, if steric hindrance limits the diffusion through the 
membrane, than transport proteins or mechanisms similar to endocytosis will 
explain the high uptake of very hydrophobic nutrients [14]. This understanding 
will be needed before the uptake of very hydrophobic nutrients can be 
mechanistically modeled.   
Despite all the uncertainties discussed above, the oral uptake estimation of 
hydrophilic chemicals improved after including the processes discussed above. 
The model covers a broad range of chemicals, even though the estimation of 
uptake by passive diffusion is more accurate for neutral chemicals than for 
chemicals that are dissociated at physiological pH. For carrier-mediated 
chemicals, the extrapolation to new chemicals is more uncertain due to the 
limitations discussed above, especially if both KM and vMAX need to be 
estimated. In addition, the model only predicts the uptake efficiency if a 
chemical is carrier-mediated or not, respectively. Expert knowledge or other 
tools are needed to decide whether a chemical can act as a substrate for transport 
proteins or not.  
Nutrient absorption. Besides using the models for uptake estimation, they also 
can give insight into the mechanism on how organisms deal with chemicals, and 
how they optimized the distinction between wanted and unwanted chemicals. 
For example, in Chapter 6 it was observed that nutrients are generally well 
absorbed (E>50%), even though most nutrients have chemical properties that 
suggest only limited uptake by passive diffusion. From an evolutionary 
perspective, one might wonder why cells use substances that require energy for 
their uptake. Perhaps, this may be understood from an universal feature: all cells 
are enclosed by a lipid cell membrane that allows the creation of a chemical 
composition inside the cell being different from the surrounding environment 
[15]. In this context, it is of advantage if the (hydrophilic) nutrients do not leave 
the cell due to the restricted diffusion through cell membranes. In addition, 
transporting nutrients over the membrane into the cell using proteins allows the 
cell to specifically regulate the uptake of nutrients that are required and to 
distinguish between chemicals with otherwise similar physico-chemical 
properties, which also helps to keep potentially harming chemicals outside the 
cell [16]. Interestingly, analysis of the carrier-mediated kinetics in Chapter 5 
suggested that molecular size and polarity determine the KM and vMAX values of 
Chapter 7: General discussion and Synthesis 
143 
 
carrier-mediated transport. These findings are in agreement with the 
evolutionary need to transport especially hydrophilic (and small) nutrients over 
the membrane. 
SIMILARITIES OF CHEMICAL PARTITIONING INTO PLASTIC AND BIOTA 
The chapters 2-5 indicate that neutral organic chemicals with logKow ranging 
from roughly 2 to 7 partition to a similar extent into octanol, (membrane) lipids 
and plastic material such as LDPE or PDMS. These similarities indicate that 
hydrophobic interactions are the dominant processes, and enables the use of Kow 
as a surrogate for both plastics and animal lipids. For these chemicals, also the 
partitioning into the membrane is sufficiently high such that the oral uptake is 
not limited by the membrane permeation but rather by the ingestion flow delay. 
It remains unclear whether these similarities between octanol, plastics, lipids 
and membrane lipids continues for chemicals with logKow>8, or whether steric 
hindrance reduces the partitioning and diffusion into some of these phases. The 
difficulty in answering this question is mainly due to the experimental 
challenges to measure the concentration of these highly hydrophobic chemicals 
in the different phases.  
For hydrophilic chemicals (logKow roughly <2) the similarity between octanol 
and membrane lipids becomes weaker (see Chapter 4), and as a consequence a 
new descriptor accounting for the hydrogen bond donor strength of the chemical 
has been introduced. The partitioning of hydrophilic chemicals into plastic was 
not covered in Chapter 2 and is consequently also not discussed here. However, 
the above mentioned similarities might hold for plastics only as long as the 
plastic is viscous (e.g. PDMS), contains a low degree of crystallinity (LDPE, 
may be PP) or is of rubbery rather than glassy hardness (PVC, may be PS) as 
these factors might reduce the sorption capacity. The importance of these factors 
and how much they reduce the sorption capacity still needs to be explored in 
more detail.    
 
7.3 EXTRAPOLATION TO OTHER SPECIES 
CHEMICAL TRANSFER FROM MARINE PLASTIC DEBRIS TO BIOTA 
The original OMEGA model [17] was developed to be applicable to various 
species. The adaptations made to incorporate the plastic ingestion and egestion 
were done using the same reasoning and parameterization and can therefore also 
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be directly applied to other species. The sensitivity analysis in Chapter 3 
revealed that whether ingestion of contaminated plastic increased or decreased 
the pollutant concentration in the organism depends mainly (but not only) on the 
trophic level of the species, i.e. a small cleaning effect was predicted for species 
of higher trophic levels, while internal concentrations increased in lower trophic 
level aquatic species. A first indication for low trophic level, terrestrial species 
can be obtained by modifying the model lugworm from a water breathing to an 
air-breathing animal.  
ORAL UPTAKE IN MAMMALS 
The improved model for passive diffusion was fitted to different mammalian 
species, i.e. humans, rodents and cows. However, all data for chemicals with 
logKow<0 were obtained for humans. Therefore, the application to other 
mammalian species still needs to be validated. It is expected that this 
extrapolation is possible because 1) the original model was developed to model 
various species [17] and 2) the modification done in Chapter 4 is likely 
applicable to other species due to the similarity of membranes in animals [18]. 
The extrapolation of oral uptake efficiencies between mammalian species is 
supported by the high correlation of oral uptake efficiency between rats and 
humans (r2>0.88) and dogs and humans (r2<0.51) [19-21].  
In contrast to the model for passive diffusion, the model for transport proteins 
was developed for humans only, and it is unknown whether the model of 
carrier-mediated transport is applicable to other mammalian and non-
mammalian species. Other studies provide first insight into the correlation of 
carrier mediated transport between species. For example, Cao et al [22] found 
that for 14 drug and drug-like chemicals, the absorption efficiency as well as the 
passive and carrier-mediated permeability was highly correlated in rats and 
humans. This agrees with findings that several transport proteins were highly 
conserved throughout species. For example, the half saturation constant KM of 
glucose transport in the small intestine of humans and various rodents is similar 
and assumed to be dominated by the transport mediated by SGLT1 [23-25]. 
Also fish species like the zebra fish, asian weatherloach and atlantic cod, 
express a similar intestinal glucose (SGLT1) and peptide (PEPT1) transporters 
like mammals, even though with structural and functional differences [26-27]. 
However, some membranes of transport protein subgroups are expressed in 
different tissues depending on the species. For example, the brain specific, 
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neutral amino acid transporter B0AT2 (SLC6A15) is possibly also expressed in 
mouse but not in human kidney [28]. All these similarities and differences need 
to be better understood in order to answer the question, if and how carrier 
mediated uptake can be extrapolated between different species.  
In conclusion, the uptake by passive diffusion can likely be extrapolated 
between different (mammalian) species. For carrier-mediated chemicals, there 
are also indications of interspecies similarities, but more research is needed to 
better understand the differences and similarities of transport protein expression 
and kinetics.  
 
7.4 IMPLICATION FOR RISK ASSESSMENT AND OUTLOOK.  
It has been shown that ingestion of plastic marine debris can cause injuries or 
lead to reduced food uptake if they are ingested by marine species [29-31]. 
Additionally, there were concerns that pollutants absorbed to the plastic might 
be transferred to the organism. While it has been shown that pollutants indeed 
can be transferred to biota [9], the results from chapter 2 and 3 suggest that its 
relevance is relatively small compared to other uptake routes such as uptake 
from water ventilation or through food chain accumulation.  
 
The chapters 4-6 proposed how the oral uptake estimation of hydrophilic 
chemicals can be improved, i.e. by 1) modeling the diffusion through the 
membrane as a diffusion through a bilayer with a polar outer and an apolar inner 
membrane region, and 2) by including carrier mediated transport into the oral 
uptake estimation model when estimating chemicals that act as substrate of 
influx transporters.  
Further model refinements are needed, especially regarding the diffusive uptake 
of chemicals that are ionized at physiological pH, the prediction of vMAX and 
KM, and the determination of the amount of expressed and functional transport 
protein in vitro and in vivo. In addition, predicting whether a chemical can act as 
a substrate of the influx transporters expressed in the apical membrane of the 
intestinal enterocytes is needed. 
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FIGURE A2.1 KPW‘S MEASURED IN DIFFERENT STUDIES 
Single studies that measured consistently lower Kpw than 2-10 other studies using the 
same chemical-plastic combination. Top: PCB measured by Zeng et al. [1] (Δ) were 
lower than in references [2-8] (▲). Middle: Pyrethroid measured by Bondarenko et al. 
[9] (Δ) were lower than in references [10] and [8] (▲). Bottom: PCB as measured by 
Pascal et al. [11] (Δ) were lower than in references [12-16] (▲).  
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TABLE A2.1 DATA COLLECTED FOR LDPE REGRESSIONS 
Chemical Chemical 
groupf 
logKpw 
[L/kg] 
Ref logKow  
chosen 
Type of 
logKowe 
Ref 
BDE 1 PBDE 3,90 [17] 5,08 FAV [18] 
BDE 15 PBDE 5,10 [17] 5,48 FAV [18] 
BDE 17 PBDE 5,50 [17] 5,80 FAV [18] 
BDE 28 PBDE 5,70 [17] 5,80 FAV [18] 
BDE 47 PBDE 6,30 [17] 6,39 FAV [18] 
BDE 66 PBDE 6,40 [17] 6,39 FAV [18] 
BDE 71 PBDE 6,10 [17] 6,39 FAV [18] 
BDE 85 PBDE 6,80 [17] 6,76 FAV [18] 
BDE 99 PBDE 6,90 [17] 6,76 FAV [18] 
BDE 100 PBDE 6,90 [17] 6,53 FAV [18] 
BDE 126  PBDE 7,20 [17] 6,53 FAV [18] 
BDE 138 PBDE 7,30 [17] 7,08 FAV [18] 
BDE 153 PBDE 7,40 [17] 7,08 FAV [18] 
BDE 154 PBDE 7,40 [17] 7,08 FAV [18] 
BDE 166 PBDE 7,18 [17] 7,08 FAV [18] 
BDE 181 PBDE 7,47g [17] 7,49 FAV [18] 
BDE 183 PBDE 7,39g [17] 7,49 FAV [18] 
BDE 190 PBDE 7,12g [17] 7,49 FAV [18] 
BDE 196 PBDE 6,57g [17] 7,90 FAV [18] 
BDE 204 PBDE 6,54g [17] 7,90 FAV [18] 
BDE 207 PBDE 5,94g [17] 8,30 FAV [18] 
BDE 208 PBDE 6,02g [17] 8,30 FAV [18] 
BDE 209 PBDE 5,61g [17] 8,70 FAV [18] 
PCB 4 PCB 4,19 [12] 5,23 FAV [19] 
PCB 8 PCB 4,58a [14] 5,11 FAV [19] 
PCB 10 PCB 4,23 [12] 5,23 FAV [19] 
PCB 14 PCB 4,99 [12] 5,23 FAV [19] 
PCB 18 PCB 4,90 [13] 5,67 FAV [19] 
PCB 18 PCB 4,72a [14] 5,67 FAV [19] 
PCB 18 PCB 4,90 [12] 5,67 FAV [19] 
PCB 21 PCB 5,22 [12] 5,67 FAV [19] 
PCB 28 PCB 5,50b [16] 5,66 FAV [19] 
PCB 28 PCB 5,40 [13] 5,66 FAV [19] 
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Chemical Chemical 
groupf 
logKpw 
[L/kg] 
Ref logKow  
chosen 
Type of 
logKowe 
Ref 
PCB 28 PCB 5,84a [14] 5,66 FAV [19] 
PCB 28 PCB 5,40 [12] 5,66 FAV [19] 
PCB 29 PCB 5,10 [15] 5,65 FAV [19] 
PCB 29 PCB 5,31 [12] 5,65 FAV [19] 
PCB 30 PCB 5,13 [12] 5,67 FAV [19] 
PCB 31 PCB 5,30 [12] 5,78 FAV [19] 
PCB 43 PCB 5,50 [13] 6,11 FAV [19] 
PCB 44 PCB 5,49a [14] 6,11 FAV [19] 
PCB 44 PCB 5,48 [12] 6,11 FAV [19] 
PCB 47 PCB 5,62 [12] 6,11 FAV [19] 
PCB 49 PCB 5,67 [12] 6,11 FAV [19] 
PCB 50 PCB 5,52 [12] 6,11 FAV [19] 
PCB 52 PCB 5,45b [16] 5,95 FAV [19] 
PCB 52 PCB 5,50 [13] 5,95 FAV [19] 
PCB 52 PCB 5,49a [14] 5,95 FAV [19] 
PCB 52 PCB 5,55 [12] 5,95 FAV [19] 
PCB 55 PCB 5,82 [12] 6,11 FAV [19] 
PCB 56 PCB 5,90 [12] 6,11 FAV [19] 
PCB 66 PCB 5,90 [13] 6,11 FAV [19] 
PCB 66 PCB 6,52a [14] 6,11 FAV [19] 
PCB 66 PCB 5,95 [12] 6,11 FAV [19] 
PCB 69 PCB 5,60 [15] 6,11 FAV [19] 
PCB 78 PCB 6,03 [12] 6,11 FAV [19] 
PCB 85  PCB 6,14 [12] 6,55 FAV [19] 
PCB 87 PCB 6,18 [12] 6,55 FAV [19] 
PCB 97 PCB 6,30 [15] 6,55 FAV [19] 
PCB 97 PCB 6,10 [12] 6,55 FAV [19] 
PCB 99 PCB 6,65a [14] 6,55 FAV [19] 
PCB 101 PCB 6,20 [13] 6,38 FAV [19] 
PCB 101 PCB 6,31a [14] 6,38 FAV [19] 
PCB 101 PCB 6,18 [12] 6,38 FAV [19] 
PCB 104 PCB 6,00 [12] 6,55 FAV [19] 
PCB 105 PCB 6,30 [13] 6,55 FAV [19] 
PCB 105 PCB 6,76a [14] 6,55 FAV [19] 
PCB 105 PCB 6,44 [12] 6,55 FAV [19] 
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Chemical Chemical 
groupf 
logKpw 
[L/kg] 
Ref logKow  
chosen 
Type of 
logKowe 
Ref 
PCB 110 PCB 6,10 [13] 6,55 FAV [19] 
PCB 110 PCB 6,39a [14] 6,55 FAV [19] 
PCB 110 PCB 6,16 [12] 6,55 FAV [19] 
PCB 118 PCB 5,85b [16] 6,65 FAV [19] 
PCB 118 PCB 6,40 [13] 6,65 FAV [19] 
PCB 118 PCB 7,01a [14] 6,65 FAV [19] 
PCB 118 PCB 6,53 [12] 6,65 FAV [19] 
PCB 128 PCB 6,50 [13] 6,99 FAV [19] 
PCB 128 PCB 6,96a [14] 6,99 FAV [19] 
PCB 128 PCB 6,74 [12] 6,99 FAV [19] 
PCB 129 PCB 6,60 [13] 6,99 FAV [19] 
PCB 137 PCB 6,93 [12] 6,99 FAV [19] 
PCB 138 PCB 6,60 [13] 7,19 FAV [19] 
PCB 138 PCB 6,90a [14] 7,19 FAV [19] 
PCB 138 PCB 6,82 [12] 7,19 FAV [19] 
PCB 141 PCB 6,74 [12] 6,99 FAV [19] 
PCB 143 PCB 6,80 [15] 6,99 FAV [19] 
PCB 145 PCB 6,52 [12] 6,99 FAV [19] 
PCB 149 PCB 6,59 [12] 6,99 FAV [19] 
PCB 151 PCB 6,55 [12] 6,99 FAV [19] 
PCB 153 PCB 6,40 [13] 6,86 FAV [19] 
PCB 153 PCB 6,76a [14] 6,86 FAV [19] 
PCB 153 PCB 6,81 [12] 6,86 FAV [19] 
PCB 155 PCB 6,88 [12] 7,21 FAV [19] 
PCB 156 PCB 6,96 [12] 6,99 FAV [19] 
PCB 170 PCB 6,90 [13] 7,43 FAV [19] 
PCB 170 PCB 7,25 [12] 7,43 FAV [19] 
PCB 180 PCB 7,00 [13] 7,15 FAV [19] 
PCB 180 PCB 7,53a [14] 7,15 FAV [19] 
PCB 180 PCB 7,24 [12] 7,15 FAV [19] 
PCB 187 PCB 7,10 [13] 7,43 FAV [19] 
PCB 187 PCB 7,01 [12] 7,43 FAV [19] 
PCB 204 PCB 7,77 [12] 7,88 FAV [19] 
naphthalene PAH 3,00 [20] 3,69 FAV [21] 
naphthalene PAH 3,40c [22] 3,69 FAV [21] 
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Chemical Chemical 
groupf 
logKpw 
[L/kg] 
Ref logKow  
chosen 
Type of 
logKowe 
Ref 
naphthalene PAH 2,81 [12] 3,69 FAV [21] 
naphthalene PAH 2.78a,d [23] 3,69 FAV [21] 
acenaphthene PAH 4,09c [22] 4,10 FAV [21] 
acenaphthene PAH 3,62 [12] 4,10 FAV [21] 
acenaphthene PAH 3,62 [12] 4,10 FAV [21] 
acenaphthene PAH 3,87a,d [23] 4,10 FAV [21] 
acenaphthylene PAH 3,67b [16] 4,02 FAV [21] 
acenaphthylene PAH 3,67c [22] 4,02 FAV [21] 
acenaphthylene PAH 3,16 [12] 4,02 FAV [21] 
anthracene PAH 4,40 [20] 4,56 FAV [21] 
anthracene PAH 4,30 [13] 4,56 FAV [21] 
anthracene PAH 4,44c [24] 4,56 FAV [21] 
anthracene PAH 4,71c [22] 4,56 FAV [21] 
anthracene PAH 4,55a [14] 4,56 FAV [21] 
anthracene PAH 4,30 [12] 4,56 FAV [21] 
fluorene PAH 3,80 [20] 4,21 FAV [21] 
fluorene PAH 4,25c [22] 4,21 FAV [21] 
fluorene PAH 3,35a [14] 4,21 FAV [21] 
fluorene PAH 3.6 a,d [23] 4,21 FAV [21] 
fluorene PAH 3,77 [12] 4,21 FAV [21] 
phenanthrene PAH 4,30 [15] 4,48 FAV [21] 
phenanthrene PAH 4,27b [16] 4,48 FAV [21] 
phenanthrene PAH 4,10 [20] 4,48 FAV [21] 
phenanthrene PAH 4,30 [13] 4,48 FAV [21] 
phenanthrene PAH 4,24c [24] 4,48 FAV [21] 
phenanthrene PAH 4,51c [22] 4,48 FAV [21] 
phenanthrene PAH 4,22 [12] 4,48 FAV [21] 
benz(a)anthracene PAH 5,70 [15] 5,49 FAV [21] 
benz(a)anthracene PAH 5,51b [16] 5,49 FAV [21] 
benz(a)anthracene PAH 5,60 [20] 5,49 FAV [21] 
benz(a)anthracene PAH 5,50 [13] 5,49 FAV [21] 
benz(a)anthracene PAH 5,73 [12] 5,49 FAV [21] 
chrysene PAH 5,70 [15] 5,37 FAV [21] 
chrysene PAH 5,57b [16] 5,37 FAV [21] 
chrysene PAH 5,60 [20] 5,37 FAV [21] 
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Chemical Chemical 
groupf 
logKpw 
[L/kg] 
Ref logKow  
chosen 
Type of 
logKowe 
Ref 
chrysene PAH 5,50 [13] 5,37 FAV [21] 
chrysene PAH 5,51a [14] 5,37 FAV [21] 
chrysene PAH 5,78 [12] 5,37 FAV [21] 
fluoranthene PAH 4,90 [15] 4,85 FAV [21] 
fluoranthene PAH 4,90b [16] 4,85 FAV [21] 
fluoranthene PAH 4,90 [20] 4,85 FAV [21] 
fluoranthene PAH 4,90 [13] 4,85 FAV [21] 
fluoranthene PAH 4,72c [22] 4,85 FAV [21] 
fluoranthene PAH 4,81a [14] 4,85 FAV [21] 
fluoranthene PAH 4,43a,d [23] 4,85 FAV [21] 
fluoranthene PAH 4,93 [12] 4,85 FAV [21] 
pyrene PAH 5,00 [15] 4,88 FAV [21] 
pyrene PAH 5,05b [16] 4,88 FAV [21] 
pyrene PAH 5,00 [20] 4,88 FAV [21] 
pyrene PAH 4,70 [13] 4,88 FAV [21] 
pyrene PAH 5,14c [24] 4,88 FAV [21] 
pyrene PAH 4,83c [22] 4,88 FAV [21] 
pyrene PAH 4.53a,d [23] 4,88 FAV [21] 
pyrene PAH 5,10 [12] 4,88 FAV [21] 
benzo(a)pyrene PAH 5,90b [16] 5,65 FAV [21] 
benzo(a)pyrene PAH 6,20 [20] 5,65 FAV [21] 
benzo(a)pyrene PAH 6,40 [13] 5,65 FAV [21] 
benzo(a)pyrene PAH 6,75 [12] 5,65 FAV [21] 
benzo(b)fluoranthe
ne 
PAH 6,10 [20] 5,51 FAV [21] 
benzo(b)fluoranthe
ne 
PAH 6,30 [13] 5,51 FAV [21] 
benzo(b)fluoranthe
ne 
PAH 6,66 [12] 5,51 FAV [21] 
benzo(e)pyrene PAH 6,20 [15] 5,58 FAV [21] 
benzo(e)pyrene PAH 5,76b [16] 5,58 FAV [21] 
benzo(e)pyrene PAH 6,30 [20] 5,58 FAV [21] 
benzo(k)fluoranthe
ne 
PAH 6,30 [13] 5,86 FAV [21] 
perylene PAH 6,50 [15] 5,58 FAV [21] 
perylene PAH 5,85a [14] 5,58 FAV [21] 
aldrin OC 4,84c [24] 5,80 FAV [19] 
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Chemical Chemical 
groupf 
logKpw 
[L/kg] 
Ref logKow  
chosen 
Type of 
logKowe 
Ref 
aldrin OC 4,54c [24] 5,80 FAV [19] 
dieldrin OC 4,84c [24] 5,24 FAV [19] 
dieldrin OC 4,64c [24] 5,24 FAV [19] 
endosulfan 
sulphate 
OC 3,04c [24] 3,66 meas [25] 
endosulfan 
sulphate 
OC 2,94c [24] 3,66 meas [25] 
endrin OC 4,54c [24] 4,87 FAV [19] 
endrin OC 4,34c [24] 4,87 FAV [19] 
endrin aldehyde OC 2,84c [24] 4,80 est [25] 
endrin aldehyde OC 2,64c [24] 4,80 est [25] 
endrin ketone OC 3,04c [24] 4,99 est [25] 
endrin ketone OC 2,94c [24] 4,99 est [25] 
HCB OC 5,43  [12] 5,33 FAV [19] 
heptachlor OC 5,34c [24] 5,59 FAV [19] 
heptachlor OC 5,14c [24] 5,59 FAV [19] 
heptachlor epoxide OC 4,34c [24] 5,17 FAV [19] 
heptachlor epoxide OC 4,14c [24] 5,17 FAV [19] 
methoxychlor OC 4,44c [24] 5,08 meas [25] 
methoxychlor OC 4,34c [24] 5,08 meas [25] 
o,p`-DDD OC 5,04c [26] 5,84 FAV [19] 
p,p`-DDD OC 4,94c [26] 5,84 FAV [19] 
o,p`-DDE OC 5,74c [26] 6,31 FAV [19] 
p,p`-DDE OC 5,80c [26] 6,31 FAV [19] 
o,p`-DDT OC 5,84c [26] 5,92 FAV [19] 
p,p`-DDT OC 5,64c [26] 5,92 FAV [19] 
triclosan OC 3,38c [27] 4,76 meas [25] 
α-endosulfan OC 4,54c [24] 4,82 FAV [19] 
α-HCH OC 2,84c [24] 4,04 FAV [19] 
α-HCH OC 2,84c [24] 4,04 FAV [19] 
β-HCH OC 2,64c [24] 4,07 FAV [19] 
β-HCH OC 2,34c [24] 4,07 FAV [19] 
γ-HCH OC 2,74c [24] 3,96 FAV [19] 
γ-HCH OC 2,74c [24] 3,96 FAV [19] 
δ-HCH OC 2,24c [24] 4,14 meas [25] 
δ-HCH OC 2,10c [24] 4,14 meas [25] 
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Chemical Chemical 
groupf 
logKpw 
[L/kg] 
Ref logKow  
chosen 
Type of 
logKowe 
Ref 
1-methyl 
phenanthrene 
Other 4,70 [13] 5,08 meas [25] 
2-methyl 
anthracene 
Other 5,30 [13] 5,00 meas [25] 
2-methyl 
phenanthrene 
Other 4,80 [15] 5,01 meas [25] 
3,6-dimethyl 
phenanthrene 
Other 5,20 [13] 5,44 est [25] 
9,10-dimethyl 
anthracene 
Other 5,00 [13] 5,69 meas [25] 
n-nonylphenol Other 4,24c [27] 5,76 meas [25] 
n-octylphenol Other 3,68c [27] 5,50 est [25] 
Excluded       
PCB 31 (Figure A2.1) [11]    
PCB 47 (Figure A2.1) [11]    
PCB 103 (Figure A2.1) [11]    
PCB 128 (Figure A2.1) [11]    
PCB 171 (Figure A2.1) [11]    
PCB 200 (Figure A2.1) [11]    
PCB 206 (Figure A2.1) [11]    
PCB 209 (Figure A2.1) [11]    
aConverted from seawater to freshwater using [salt]=0.5mol/L (typical sea water, see 
text) 
 bAverage of logKpw measured at 13 and 30°C 
 cConverted from L/L to L/kg by assuming a LDPE density of 0.91 kg/L 
 dConverted from estuarine to freshwater assuming [salt]=0.25mol/L 
 eFAV:Final adjusted value, est: estimated value by Kowwin 1.68, meas: listed 
measured value in Kowwin from Episuite [25] 
 fPAH: polyaromated hydrocarbons, OC:organochlorines  
gExcluded from regression, but included in Figure 2.1, see text for explanation.  
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TABLE  A2.2A  DATA  FOR  PDMS  REGRESSION  (INCLUDED  IN  THE 
REGRESSIONS) 
Chemical Chemical 
groupc 
logKpw  
[L/kg] 
Ref logKow 
chosen 
 Type 
logKowb 
Ref 
PBDE 28 PBDE 5,72 [28] 5,80 FAV [18] 
PBDE 28 PBDE 5,45 [28] 5,80 FAV [18] 
PBDE 47 PBDE 5,86 [28] 6,39 FAV [18] 
PBDE 47 PBDE 6,15 [28] 6,39 FAV [18] 
PBDE 47 PBDE 5,87 [6] 6,39 FAV [18] 
PBDE 47 PBDE 5,93 [6] 6,39 FAV [18] 
PBDE 47  PBDE 5,94 [6] 6,39 FAV [18] 
PBDE 47 PBDE 6,19 [6] 6,39 FAV [18] 
PBDE 99 PBDE 6,24 [6] 6,76 FAV [18] 
PBDE 99 PBDE 6,37 [6] 6,76 FAV [18] 
PBDE 99 PBDE 6,35 [6] 6,76 FAV [18] 
PBDE 99 PBDE 6,66 [6] 6,76 FAV [18] 
PBDE 99 PBDE 6,55 [28] 6,76 FAV [18] 
PBDE 99 PBDE 6,19 [28] 6,76 FAV [18] 
PBDE 100 PBDE 6,27 [28] 6,53 FAV [18] 
PBDE 100 PBDE 6,45 [28] 6,53 FAV [18] 
PBDE 153 PBDE 6,45 [6] 7,08 FAV [18] 
PBDE 153 PBDE 6,49 [6] 7,08 FAV [18] 
PBDE 153 PBDE 6,69 [6] 7,08 FAV [18] 
PBDE 153 PBDE 6,96 [6] 7,08 FAV [18] 
PBDE 153 PBDE 6,82 [28] 7,08 FAV [18] 
PBDE 153 PBDE 6,62 [28] 7,08 FAV [18] 
PBDE 154 PBDE 6,59 [28] 7,08 FAV [18] 
PBDE 154 PBDE 6,91 [28] 7,08 FAV [18] 
PBDE 183 PBDE 6,54 [6] 7,49 FAV [18] 
PBDE 183 PBDE 6,64 [6] 7,49 FAV [18] 
PBDE 183 PBDE 6,72 [6] 7,49 FAV [18] 
PBDE 183 PBDE 6,92 [6] 7,49 FAV [18] 
PBDE 183 PBDE 7,04 [28] 7,49 FAV [18] 
PCB 1 PCB 4,46 [29] 4,79 FAV [19] 
PCB 1 PCB 4,11 [29] 4,79 FAV [19] 
PCB 1 PCB 4,05 [5] 4,79 FAV [19] 
PCB 2 PCB 4,11 [6] 4,79 FAV [19] 
PCB 2 PCB 4,20 [6] 4,79 FAV [19] 
PCB 2 PCB 4,16 [6] 4,79 FAV [19] 
PCB 2 PCB 4,33 [6] 4,79 FAV [19] 
PCB 14 PCB 4,88 [6] 5,23 FAV [19] 
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groupc 
logKpw  
[L/kg] 
Ref logKow 
chosen 
 Type 
logKowb 
Ref 
PCB 14 PCB 4,96 [6] 5,23 FAV [19] 
PCB 14 PCB 4,89 [6] 5,23 FAV [19] 
PCB 14 PCB 5,08 [6] 5,23 FAV [19] 
PCB 15 PCB 5,13 [29] 5,23 FAV [19] 
PCB 15 PCB 4,85 [29] 5,23 FAV [19] 
PCB 15 PCB 4,67 [5] 5,23 FAV [19] 
PCB 16, 32 PCB 5,14 [3] 5,67 FAV [19] 
PCB 18 PCB 4,93 [3] 5,67 FAV [19] 
PCB 18 PCB 5,07 [6] 5,67 FAV [19] 
PCB 18 PCB 5,15 [6] 5,67 FAV [19] 
PCB 18 PCB 5,13 [6] 5,67 FAV [19] 
PCB 18 PCB 5,26 [6] 5,67 FAV [19] 
PCB 22 PCB 5,32 [3] 5,67 FAV [19] 
PCB 28 PCB 5,49 [29] 5,66 FAV [19] 
PCB 28 PCB 5,20 [29] 5,66 FAV [19] 
PCB 28 PCB 5,40a [2] 5,66 FAV [19] 
PCB 28 PCB 5,06 [5] 5,66 FAV [19] 
PCB 28 PCB 5,29 [6] 5,66 FAV [19] 
PCB 28 PCB 5,63 [6] 5,66 FAV [19] 
PCB 28 PCB 5,26 [6] 5,66 FAV [19] 
PCB 28 PCB 5,46 [6] 5,66 FAV [19] 
PCB 28, 31 PCB 5,19 [3] 5,66 FAV [19] 
PCB 33, 53 PCB 5,20 [3] 5,67 FAV [19] 
PCB 35 PCB 5,25 [6] 5,67 FAV [19] 
PCB 35 PCB 5,32 [6] 5,67 FAV [19] 
PCB 35 PCB 5,31 [6] 5,67 FAV [19] 
PCB 35 PCB 5,51 [6] 5,67 FAV [19] 
PCB 41, 71 PCB 5,51 [3] 6,11 FAV [19] 
PCB 44 PCB 5,46 [3] 6,11 FAV [19] 
PCB 47, 48 PCB 5,51 [3] 6,11 FAV [19] 
PCB 47 PCB 5,88 [29] 6,11 FAV [19] 
PCB 47 PCB 5,66 [29] 6,11 FAV [19] 
PCB 50 PCB 5,33 [30] 6,11 FAV [19] 
PCB 52 PCB 5,63 a [2] 5,95 FAV [19] 
PCB 52 PCB 5,50 [3] 5,95 FAV [19] 
PCB 52 PCB 5,68 [4] 5,95 FAV [19] 
PCB 52 PCB 5,73 [4] 5,95 FAV [19] 
PCB 52 PCB 5,54 [4] 5,95 FAV [19] 
PCB 52  PCB 5,40 [31] 5,95 FAV [19] 
PCB 52 PCB 5,57 [5] 5,95 FAV [19] 
PCB 52 PCB 5,60 [6] 5,95 FAV [19] 
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groupc 
logKpw  
[L/kg] 
Ref logKow 
chosen 
 Type 
logKowb 
Ref 
PCB 52 PCB 5,67 [6] 5,95 FAV [19] 
PCB 52 PCB 5,62 [6] 5,95 FAV [19] 
PCB 52 PCB 5,76 [6] 5,95 FAV [19] 
PCB 52 PCB 5,32 [7] 5,95 FAV [19] 
PCB 52 PCB 5,06 [32] 5,95 FAV [19] 
PCB 56,60 PCB 5,88 [3] 6,11 FAV [19] 
PCB 65 PCB 5,37 [31] 6,11 FAV [19] 
PCB 70,66 PCB 5,81 [3] 6,11 FAV [19] 
PCB 72 PCB 5,80 [6] 6,11 FAV [19] 
PCB 72 PCB 5,88 [6] 6,11 FAV [19] 
PCB 72 PCB 5,85 [6] 6,11 FAV [19] 
PCB 72 PCB 6,02 [6] 6,11 FAV [19] 
PCB 77 PCB 4,80 [33] 6,11 FAV [19] 
PCB 77 PCB 5,63 [6] 6,11 FAV [19] 
PCB 77 PCB 5,69 [6] 6,11 FAV [19] 
PCB 77 PCB 5,59 [6] 6,11 FAV [19] 
PCB 77 PCB 5,87 [6] 6,11 FAV [19] 
PCB 77 PCB 5,83 [7] 6,11 FAV [19] 
PCB 78 PCB 5,64 [30] 6,11 FAV [19] 
PCB 83 PCB 6,04 [3] 6,55 FAV [19] 
PCB 85 PCB 6,40 [3] 6,55 FAV [19] 
PCB 87 PCB 6,21 [3] 6,55 FAV [19] 
PCB 95 PCB 5,72 [3] 6,55 FAV [19] 
PCB 97 PCB 6,07 [3] 6,55 FAV [19] 
PCB 99 PCB 6,19 [3] 6,55 FAV [19] 
PCB 101 PCB 6,23 [29] 6,38 FAV [19] 
PCB 101 PCB 6,10 [29] 6,38 FAV [19] 
PCB 101  PCB 6,11 a [2] 6,38 FAV [19] 
PCB 101 PCB 6,03 [3] 6,38 FAV [19] 
PCB 101 PCB 5,73 [31]  6,38 FAV [19] 
PCB 101 PCB 6,09 [6] 6,38 FAV [19] 
PCB 101 PCB 6,16 [6] 6,38 FAV [19] 
PCB 101 PCB 6,08 [6] 6,38 FAV [19] 
PCB 101 PCB 6,26 [6] 6,38 FAV [19] 
PCB 103 PCB 5,81 [30] 5,27 FAV [19] 
PCB 104 PCB 5,63 [30] 6,55 FAV [19] 
PCB 105 PCB 5,91 [31] 6,78 FAV [19] 
PCB 105, 132 PCB 6,42 [3] 6,78 FAV [19] 
PCB 110  PCB 6,05 [3] 6,55 FAV [19] 
PCB 112 PCB 5,73 [31] 6,55 FAV [19] 
PCB 118 PCB 6,10 a [2] 6,65 FAV [19] 
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PCB 118 PCB 6,25 [3] 6,65 FAV [19] 
PCB 118 PCB 5,89 [31] 6,65 FAV [19] 
PCB 118 PCB 5,99 [5] 6,65 FAV [19] 
PCB 118 PCB 6,12 [6] 6,65 FAV [19] 
PCB 118 PCB 6,16 [6] 6,65 FAV [19] 
PCB 118 PCB 5,89 [6] 6,65 FAV [19] 
PCB 118 PCB 6,17 [6] 6,65 FAV [19] 
PCB 126 PCB 6,11 [6] 6,55 FAV [19] 
PCB 126 PCB 6,16 [6] 6,55 FAV [19] 
PCB 126 PCB 5,91 [6] 6,55 FAV [19] 
PCB 126 PCB 6,22 [6] 6,55 FAV [19] 
PCB 128 PCB 6,63 [3] 6,99 FAV [19] 
PCB 135 PCB 6,50 [3] 6,99 FAV [19] 
PCB 136 PCB 6,03 [30] 6,99 FAV [19] 
PCB 138 PCB 6,44 a [2] 7,19 FAV [19] 
PCB 138 PCB 6,63 [3] 7,19 FAV [19] 
PCB 138 PCB 6,22 [31] 7,19 FAV [19] 
PCB 141, 179 PCB 6,75 [3] 6,99 FAV [19] 
PCB 146 PCB 6,68 [3] 6,99 FAV [19] 
PCB 149 PCB 6,44 [3] 6,99 FAV [19] 
PCB 151 PCB 6,33 [3] 6,99 FAV [19] 
PCB 153 PCB 6,70 [29] 6,86 FAV [19] 
PCB 153 PCB 6,47 [29] 6,86 FAV [19] 
PCB 153 PCB 6,40 a [2] 6,86 FAV [19] 
PCB 153 PCB 6,64 [3] 6,86 FAV [19] 
PCB 153 PCB 6,70 [4] 6,86 FAV [19] 
PCB 153 PCB 6,61 [4] 6,86 FAV [19] 
PCB 153 PCB 6,47 [4] 6,86 FAV [19] 
PCB 153 PCB 6,18 [31] 6,86 FAV [19] 
PCB 153 PCB 6,50 [6] 6,86 FAV [19] 
PCB 153 PCB 6,55 [6] 6,86 FAV [19] 
PCB 153 PCB 6,70 [6] 6,86 FAV [19] 
PCB 153 PCB 6,96 [6] 6,86 FAV [19] 
PCB 153 PCB 6,01 [32] 6,86 FAV [19] 
PCB 153/168 PCB 6,07 [5] 6,86 FAV [19] 
PCB 153 PCB 6,14 [7] 6,86 FAV [19] 
PCB 154 PCB 6,19 [31]  6,99 FAV [19] 
PCB 155 PCB 6,05 [31]  7,12 FAV [19] 
PCB 156 PCB 6,30 [31]  6,99 FAV [19] 
PCB  157 PCB 6,03 [8] 6,99 FAV [19] 
PCB 158 PCB 6,85 [3] 6,99 FAV [19] 
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PCB 163 PCB 6,58 [3] 6,99 FAV [19] 
PCB 170 PCB 6,84 [3] 7,43 FAV [19] 
PCB 171 PCB 6,89 [3] 7,43 FAV [19] 
PCB 174 PCB 7,06 [3] 7,43 FAV [19] 
PCB 177 PCB 7,04 [3] 7,43 FAV [19] 
PCB 180 PCB 6,78 [29] 7,15 FAV [19] 
PCB 180 PCB 6,56 [29] 7,15 FAV [19] 
PCB 180 PCB 6,63 a [2] 7,15 FAV [19] 
PCB 180 PCB 6,91 [3] 7,15 FAV [19] 
PCB 180 PCB 6,78 [4] 7,15 FAV [19] 
PCB 180 PCB 6,39 [4] 7,15 FAV [19] 
PCB 180 PCB 6,56 [4] 7,15 FAV [19] 
PCB 180 PCB 6,42 [31] 7,15 FAV [19] 
PCB 180 PCB 6,26 [5] 7,15 FAV [19] 
PCB 180 PCB 6,69 [6] 7,15 FAV [19] 
PCB 180 PCB 6,80 [6] 7,15 FAV [19] 
PCB 180 PCB 6,78 [6] 7,15 FAV [19] 
PCB 180 PCB 6,96 [6] 7,15 FAV [19] 
PCB 182 PCB 6,98 [3] 7,43 FAV [19] 
PCB 182 PCB 6,41 [30] 7,43 FAV [19] 
PCB 183 PCB 6,28 [3] 7,43 FAV [19] 
PCB 185 PCB 6,88 [3] 7,43 FAV [19] 
PCB 194 PCB 6,81 [3] 7,76 FAV [19] 
PCB 195 PCB 6,91 [3] 7,76 FAV [19] 
PCB 201 PCB 7,08 [3] 7,88 FAV [19] 
PCB 202 PCB 6,79 [29] 7,88 FAV [19] 
PCB 202 PCB 6,22 [29] 7,88 FAV [19] 
PCB 203 PCB 7,11 [3] 7,88 FAV [19] 
PCB 203 PCB 6,87 [6] 7,88 FAV [19] 
PCB 203 PCB 7,07 [6] 7,88 FAV [19] 
PCB 203 PCB 6,97 [6] 7,88 FAV [19] 
PCB 203 PCB 7,11 [6] 7,88 FAV [19] 
PCB 204 PCB 6,94 [30] 7,88 FAV [19] 
PCB 206 PCB 7,06 [29] 8,32 FAV [19] 
PCB 206 PCB 6,18 [29] 8,32 FAV [19] 
PCB 209 PCB 6,86 [29] 8,76 FAV [19] 
PCB 209 PCB 5,61 [29] 8,76 FAV [19] 
acenaphtene PAH 3,48 [34] 4,10 FAV [21] 
acenaphtene PAH 3,48 [34] 4,10 FAV [21] 
anthracene PAH 4,45 [35] 4,56 FAV [21] 
anthracene PAH 3,91 a [36] 4,56 FAV [21] 
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anthracene PAH 3,95 [34] 4,56 FAV [21] 
anthracene PAH 4,00 [34] 4,56 FAV [21] 
anthracene PAH 3,85 [37] 4,56 FAV [21] 
anthracene PAH 4,19 [5] 4,56 FAV [21] 
benz(a)anthracene PAH 4,82 a [36] 5,49 FAV [21] 
benz(a)anthracene PAH 4,92 [34] 5,49 FAV [21] 
benz(a)anthracene PAH 4,87 [34] 5,49 FAV [21] 
benz(a)anthracene PAH 4,80 [37] 5,49 FAV [21] 
benz(a)anthracene PAH 4,94 [38] 5,49 FAV [21] 
benz(a)anthracene PAH 4,61 [38] 5,49 FAV [21] 
benzo(a)pyrene PAH 5,26 a [36] 5,65 FAV [21] 
benzo(a)pyrene PAH 5,38 [34] 5,65 FAV [21] 
benzo(a)pyrene PAH 5,11 [34] 5,65 FAV [21] 
benzo(a)pyrene PAH 6,08 [4] 5,65 FAV [21] 
benzo(a)pyrene PAH 6,08 [4] 5,65 FAV [21] 
benzo(a)pyrene PAH 5,84 [4] 5,65 FAV [21] 
benzo(a)pyrene PAH 5,24 [37] 5,65 FAV [21] 
benzo(a)pyrene PAH 5,21 [5] 5,65 FAV [21] 
benzo(a)pyrene PAH 4,97 [7] 5,65 FAV [21] 
benzo(b)fluoranthene PAH 5,22 a [36] 5,51 FAV [21] 
benzo(b)fluoranthene PAH 5,20 [37] 5,51 FAV [21] 
benzo(b)fluoranthene PAH 5,30 [38] 5,51 FAV [21] 
benzo(b)fluoranthene PAH 4,79 [38] 5,51 FAV [21] 
benzo(e)pyrene PAH 5,16 a [36] 5,58 FAV [21] 
benzo(e)pyrene PAH 5,14 [37] 5,58 FAV [21] 
benzo(ghi)perylene PAH 5,65 a [36] 6,08 FAV [21] 
benzo(ghi)perylene PAH 5,38 [34] 6,08 FAV [21] 
benzo(ghi)perylene PAH 5,63 [37] 6,08 FAV [21] 
benzo(ghi)perylene PAH 5,41 [38] 6,08 FAV [21] 
benzo(k)fluoranthene PAH 5,27 a [36] 5,51 FAV [21] 
benzo(k)fluoranthene PAH 5,25 [37] 5,51 FAV [21] 
benzo(k)fluoranthene PAH 5,31 [38] 5,51 FAV [21] 
chrysene PAH 4,74 a [36] 5,37 FAV [21] 
chrysene PAH 4,83 [34] 5,37 FAV [21] 
chrysene PAH 4,76 [34] 5,37 FAV [21] 
chrysene PAH 4,72 [37] 5,37 FAV [21] 
chrysene PAH 4,94 [5] 5,37 FAV [21] 
dibenzo(a,c,)anthracen
e 
PAH 5,56 a [36] 5,98 FAV [21] 
dibenzo(a,c)anthracene PAH 5,43 [34] 5,98 FAV [21] 
dibenzo(a,c)anthracene PAH 5,49 [34] 5,98 FAV [21] 
fluoranthene PAH 4,56 [35] 4,21 FAV [21] 
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fluoranthene PAH 4,24 a [36] 4,21 FAV [21] 
fluoranthene PAH 4,23 [34] 4,21 FAV [21] 
fluoranthene PAH 4,34 [34] 4,21 FAV [21] 
fluoranthene PAH 4,71 [4] 4,21 FAV [21] 
fluoranthene PAH 4,57 [4] 4,21 FAV [21] 
fluoranthene PAH 4,28 [4] 4,21 FAV [21] 
Fluoranthene PAH 4,28 [31] 4,85 FAV [21] 
fluoranthene PAH 4,22 [37] 4,85 FAV [21] 
Fluoranthene PAH 4,54 [5] 4,85 FAV [21] 
fluoranthene PAH 4,20 [38] 4,85 FAV [21] 
fluoranthene PAH 4,42 [38] 4,85 FAV [21] 
Fluorene PAH 4,05 [35] 4,21 FAV [21] 
Fluorene PAH 3,74 [5] 4,21 FAV [21] 
naphthalene PAH 3,98 [35]  3,69 FAV [21] 
naphthalene PAH 2,77 [34] 3,69 FAV [21] 
naphthalene PAH 2,87 [34] 3,69 FAV [21] 
Naphthalene PAH 2,93 [5] 3,69 FAV [21] 
Naphthalene PAH 2.75 [39] 3,69 FAV [21] 
perylene PAH 5,00 [34] 5,58 FAV [21] 
phenanthrene PAH 4,22 [35] 4,48 FAV [21] 
phenanthrene PAH 3,77 a [38] 4,48 FAV [21] 
phenanthrene PAH 3,76 [34] 4,48 FAV [21] 
phenanthrene PAH 3,89 [34] 4,48 FAV [21] 
phenanthrene PAH 4,34 [4] 4,48 FAV [21] 
phenanthrene PAH 4,12 [4] 4,48 FAV [21] 
phenanthrene PAH 3,92 [4] 4,48 FAV [21] 
Phenanthrene PAH 3,50 [31] 4,48 FAV [21] 
phenanthrene PAH 3,75 [37] 4,48 FAV [21] 
Phenanthrene PAH 4,00 [5] 4,48 FAV [21] 
Phenanthrene PAH 3,75 [38] 4,48 FAV [21] 
Phenanthrene PAH 3,88 [38] 4,48 FAV [21] 
Phenanthrene PAH 3,68 [32] 4,48 FAV [21] 
Phenanthrene PAH 3,79 [8] 4,48 FAV [21] 
Phenanthrene PAH 4,47 [7] 4,48 FAV [21] 
pyrene PAH 4,63 [35] 4,88 FAV [21] 
pyrene PAH 4,32 a [36] 4,88 FAV [21] 
pyrene PAH 4,29 [34] 4,88 FAV [21] 
pyrene PAH 4,38 [34] 4,88 FAV [21] 
pyrene PAH 4,30 [37] 4,88 FAV [21] 
Pyrene PAH 4,65 [5] 4,88 FAV [21] 
pyrene PAH 4,24 [38] 4,88 FAV [21] 
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pyrene PAH 4,43 [38] 4,88 FAV [21] 
2-methylnapthalene PAH 3.19 [39] 3.64 FAV [21] 
1,2-
dimethylnaphthalene 
PAH 3.49 [39] 3.93 FAV [21] 
n-decane alkane 5,78 [5] 5,01 meas [25] 
n-dodecane alkane 6,87 [5] 6,10 meas [25] 
n-nonane alkane 5,27 [5] 5,65 meas [25] 
n-octane alkane 4,65 [5] 5,18 meas [25] 
n-tetradecane alkane 7,71 [5] 7,20 meas [25] 
n-tridecane alkane 7,38 [5] 6,73 est [25] 
n-undecane alkane 6,41 [5] 5,74 est [25] 
benzene BTEX 1,75 [40] 2,13 meas [25] 
benzene BTEX 2,12 [41] 2,13 meas [25] 
benzene BTEX 1.61 [39] 2,13 meas [25] 
ethylbenzene BTEX 2,76 [40] 3,15 meas [25] 
ethylbenzene BTEX 2,97 [41] 3,15 meas [25] 
ethylbenzene BTEX 2.52 [39] 3,15 meas [25] 
o-xylene BTEX 2,65 [40] 3,14 meas [25] 
o-xylene BTEX 2,90 [41] 3,15 meas [25] 
o-xylene BTEX 2.52 [39] 3,15 meas [25] 
toluene BTEX 2,26 [40] 2,73 meas [25] 
toluene BTEX 2,54 [41] 2,73 meas [25] 
toluene BTEX 2.08 [39] 2,73 meas [25] 
toluene BTEX 2.26 [42] 2,73 meas [25] 
2,3,5,6-
tetrachloroaniline 
OC 3,27 [34] 3,65 meas [25] 
2,3,5,6-
tetrachloroaniline 
OC 3,23 [43] 3,65 meas [25] 
2,4,5-trichloroaniline OC 2,10 [43] 3,45 meas [25] 
2,4-dichloroaniline OC 1,71 [34] 2,78 meas [25] 
2-chloroaniline OC 1,06 [34] 1,90 meas [25] 
3,4-dichloroaniline OC 1,41 [34] 2,69 meas [25] 
3-chloroaniline OC 0,85 [34] 1,88 meas [25] 
metolachlor OC 3,20 [44] 3,00 meas [25] 
4-chloroaniline 
 
OC 0.86 [42] 1,83 meas [25] 
chlorobenzene OC 2.42 [42] 2,84 meas [25] 
1,2,3,4-
tetrachlorobenzene 
OC 3,92 [43] 4,60 meas [25] 
1,2,3,5-
tetrachlorobenzene 
OC 4,14 [34] 4,56 meas [25] 
1,2,3,5- OC 4,26 [34] 4,56 meas [25] 
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tetrachlorobenzene 
1,2,3-trichlorobenzene OC 3,48 [34] 4,05 meas [25] 
1,2,3-trichlorobenzene OC 3,35 [34] 4,05 meas [25] 
1,2,3-trichlorobenzene OC 3,44 [34] 4,05 meas [25] 
1,2,3-trichlorobenzene OC 3,16 [43] 4,05 meas [25] 
1,2,4,5-
tetrachlorobenzene 
OC 4,05 [34] 4,64 meas [25] 
1,2,4,5-
tetrachlorobenzene 
OC 4,16 [34] 4,64 meas [25] 
1,2,4-trichlorobenzene OC 3,53 [34] 4,02 meas [25] 
1,2,4-trichlorobenzene OC 3,35 [34] 4,02 meas [25] 
1,2,4-trichlorobenzene OC 3,48 [34] 4,02 meas [25] 
1,2-dichlorobenzene OC 2,83 [34] 3,43 meas [25] 
1,2-dichlorobenzene OC 2,94 [34] 3,43 meas [25] 
1,2-dichlorobenzene OC 2,23 [43] 3,43 meas [25] 
1,3,5-trichlorobenzene OC 3,69 [34] 4,19 meas [25] 
1,3,5-trichlorobenzene OC 3,38 [34] 4,19 meas [25] 
1,3,5-trichlorobenzene OC 3,63 [34] 4,19 meas [25] 
1,4-dichlorobenzene OC 2,93 [34] 3,44 meas [25] 
1,4-dichlorobenzene OC 2,97 [34] 3,44 meas [25] 
Hexachlorobenzene OC 4,93 [34] 5,33 FAV [19] 
Hexachlorobenzene OC 5,14 [34] 5,33 FAV [19] 
hexachlorobenzene OC 4,86 [43] 5,33 FAV [19] 
Hexachlorobenzene OC 4,77 [31] 5,33 FAV [19] 
Hexachlorobenzene OC 5,30 [33] 5,33 FAV [19] 
Hexachlorobenzene OC 4,67 [33] 5,33 FAV [19] 
Pentachlorobenzene OC 4,58 [34] 4,99 FAV [19] 
Pentachlorobenzene OC 4,71 [34] 4,99 FAV [19] 
Pentachlorobenzene OC 4,44 [43] 4,99 FAV [19] 
Pentachlorobenzene OC 4,29 [31] 4,99 FAV [19] 
Pentachlorobenzene OC 4,60 [33] 4,99 FAV [19] 
Pentachlorobenzene OC 4,43 [33] 4,99 FAV [19] 
heptachlor epoxide OC 4,50 [4] 5,17 FAV [19] 
heptachlor epoxide OC 4,72 [4] 5,17 FAV [19] 
heptachlor epoxide OC 4,66 [4] 5,17 FAV [19] 
trans-nonachlor OC 5,70 [4] 6,20 meas [25] 
trans-nonachlor OC 6,16 [4] 6,20 meas [25] 
trans-nonachlor OC 5,96 [4] 6,20 meas [25] 
α-chlordane OC 5,39 [4] 6,16 meas [25] 
α-chlordane OC 5,68 [4] 6,16 meas [25] 
α-chlordane OC 5,61 [4] 6,16 meas [25] 
DDT OC 5,07 [33] 6,91 meas [25] 
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o,p`-DDT OC 5,75 [45] 5,92 FAV [19] 
p,p`-DDT OC 5,78 [4] 5,92 FAV [19] 
p,p`-DDT OC 6,08 [4] 5,92 FAV [19] 
p,p`-DDT OC 5,85 [4] 5,92 FAV [19] 
p,p`-DDT OC 5,35 [5] 5,92 FAV [19] 
p,p`-DDT OC 5,42 [45] 5,92 FAV [19] 
p,p`-DDT OC 5,58 [7] 5,92 FAV [19] 
o,p`-DDD OC 5,11 [45] 5,84 FAV [19] 
p,p`-DDD OC 6,13 [4] 5,84 FAV [19] 
p,p`-DDD OC 6,68 [4] 5,84 FAV [19] 
p,p`-DDD OC 6,06 [4] 5,84 FAV [19] 
p,p`-DDD OC 4,91 [45] 5,84 FAV [19] 
o,p`-DDE OC 5,96 [45] 6,31 FAV [19] 
p,p`-DDE OC 6,19 [4] 6,31 FAV [19] 
p,p`-DDE OC 6,52 [4] 6,31 FAV [19] 
p,p`-DDE OC 6,29 [4] 6,31 FAV [19] 
p,p`-DDE OC 5,90 [31] 6,31 FAV [19] 
p,p`-DDE OC 6,04 [45] 6,31 FAV [19] 
p,p`-DDE OC 5,31 [32] 6,31 FAV [19] 
p,p`-DDE OC 5,70 [8] 6,31 FAV [19] 
p,p`-DDE OC 5,87 [7] 6,31 FAV [19] 
2,3,7,8-
Tetrachlorodibenzo-p-
dioxin 
OC 5,61 [30] 6,80 meas [25] 
1,2,3,7,8-
pentachlorodibenzo-p-
dioxin 
OC 5,73 [30] 6,64 meas [25] 
1,2,3,4,7,8-
hexachlorodibenzo-p-
dioxin 
OC 5,91 [30] 7,80 meas [25] 
Chlorfenvinphos OP 3,38 [46] 3,81 meas [25] 
Chlorpyrifos OP 4,20 [8] 4,96 meas [25] 
Chlorpyrifos-methyl OP 3,45 [46] 4,31 meas [25] 
Dichlorvos OP 1,93 [44] 1,43 meas [25] 
Dichlorvos OP 1,87 [44] 1,43 meas [25] 
Ethion OP 3,17 [46] 5,07 meas [25] 
Fenamiphos OP 3,02 [44] 3,23 meas [25] 
Fenamiphos OP 1,80 [46] 3,23 meas [25] 
Fenitrothion OP 3,06 [46] 3,30 meas [25] 
Fenthion OP 3,33 [46] 4,09 meas [25] 
fonofos OP 3,44 [46] 3,94 meas [25] 
Malathion OP 2,83 [46] 2,36 meas [25] 
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malation OP 1,93 [47] 2,36 meas [25] 
malation OP 1,93 [47] 2,36 meas [25] 
Methidathion OP 2,85 [46] 2,20 meas [25] 
parathion OP 2,98 [47] 3,83 meas [25] 
parathion OP 2,73 [47] 3,83 meas [25] 
phorate OP 3,22 [46] 3,56 meas [25] 
Phosalone OP 3,50 [46] 4,38 meas [25] 
aldicarb carbamate 0,37 [34] 1,13 meas [25] 
carbaryl carbamate 1,11 [34] 2,36 meas [25] 
carbofuran carbamate 0,79 [34] 2,32 meas [25] 
atrazine triazine 2,32 [44] 2,61 meas [25] 
atrazine triazine 2,42 [44] 2,61 meas [25] 
Prometon triazine 2,62 [44] 2,99 meas [25] 
Terbutryn triazine 3,62 [44] 3,74 meas [25] 
Terbutryn triazine 2,68 [34] 3,74 meas [25] 
triadimefon triazole 2,93 [44] 2,77 meas [25] 
3,4-dimethylaniline other 1,09 [34] 1,84 meas [25] 
aniline other 0,03 [34] 0,90 meas [25] 
2,3,4-
trichloronitrobenzene 
other 2,70 [43] 3,61 meas [25] 
2,4-
dichloronitrobenzene 
other 1,94 [43] 3,07 meas [25] 
2,4,5-trichlorotoluene other 4,23 [34] 4,56 meas [25] 
2,4,5-trichlorotoluene other 4,14 [34] 4,56 meas [25] 
2,4,6-trichlorophenol other 1,75 [34] 3,69 meas [25] 
2-aminofluorene other 2,84 [35] 3,14 meas [25] 
2-chlorophenol other 0,58 [34] 2,15 meas [25] 
4-chloro-3-
methylphenol 
other 1,87 [43] 3,10 meas [25] 
acridine other 3,19 [35] 3,40 meas [25] 
diuron other 1,12 [34] 2,68 meas [25] 
Napropamide other 3,20 [44] 3,36 meas [25] 
pentachlorophenol other 2,67 [34] 5,12 meas [25] 
phenol other -0,51 [34] 1,46 meas [25] 
phenol other -0,16 [42] 1,46 meas [25] 
bromobenzene other 2,53 [42] 2,99 meas [25] 
benzonitrile other 1,06 [42] 1,56 meas [25] 
nitrobenzene other 1,23 [42] 1,85 meas [25] 
methyl benzoate other 1,67 [42] 2,12 meas [25] 
4-chloroanisole other 2,39 [42] 2,78 meas [25] 
ethylbenzoate other 2,14 [42] 2,64 meas [25] 
methyl-2-methyl other 2,17 [42] 2,75 meas [25] 
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benzene 
4-nitrotoluene other 1,79 [42] 2,37 meas [25] 
4-chloroacetophenone other 1,66 [42] 2,32 meas [25] 
4-fluorophenol other -0,26 [42] 1,77 meas [25] 
phenyl acetate other 0,88 [42] 1,49 meas [25] 
acetophenone other 1,06 [42] 1,58 meas [25] 
m-cresol other -0,01 [42] 1,96 meas [25] 
4-ethylphenol other 0,62 [42] 2,58 meas [25] 
3,5-dimethylphenol other 0,44 [42] 2,35 meas [25] 
3-chlorophenol other 0,33 [42] 2,50 meas [25] 
3-bromophenol other 0,48 [42] 2,63 meas [25] 
phenethyl alcohol other 0,14 [42] 1,36 meas [25] 
3-methyl benzyl 
alcohol 
other 0,19 [42] 1,60 meas [25] 
benzyl alcohol other -0,33 [42] 1,10 meas [25] 
1,2,4-trimethylbenzene other 2,96 [42] 3,63 meas [25] 
bifenthrin Pyr 5,99 [10] 8,15 est [25] 
Cyfluthrin Pyr 5,67 [10] 5,95 meas [25] 
Cypermethrin Pyr 6,28 [10] 6,41 meas [25] 
Esfenvalerate Pyr 5,82 [10] 6,20 meas [25] 
Fenpropathrin Pyr 5,53 [10] 5,85 meas [25] 
trans-permetrhin Pyr 5,39 [10] 6,50 meas [25] 
Permethrin Pyr 5,61 [8] 6,50 meas [25] 
cis-permethrin Pyr 5,48 [10] 6,50 meas [25] 
aData were already reported in L/kg  
bFAV:Final adjusted value, est: estimated value by Kowwin 1.68, meas: listed measured 
value in Kowwin from Episuite [25]  
cPAH: polyaromated hydrocarbon, OC: organochlorines, OP:organophosphourous 
pesticides, Pyr: pyrethroids 
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TABLE A2.2B: DATA COLLECTED FOR PDMS REGRESSION (EXCLUDED 
FROM THE REGRESSIONS) 
Chemical  Chemical Groupb logKpw Reference 
PCB 1 PCB 4,01 [5] 
PCB 1 PCB 3,97 [48] 
PCB 8 PCB 4.45 [49] 
PCB 8 PCB 4.04 [50] 
PCB 15 PCB 4,63 [5] 
PCB 15 PCB 4,59 [48] 
PCB 18 PCB 4.00 [50] 
PCB 18 PCB 5,11a [1] 
PCB 18 PCB 4.03 [51] 
PCB 20 PCB 3.51 [49] 
PCB 28 PCB 4,94 [5] 
PCB 28 PCB 5,03 [48] 
PCB 28 PCB 3.91 [49] 
PCB 28 PCB 3.94 [50] 
PCB 28 PCB 5,24a [1] 
PCB 28 PCB 3.88 [51] 
PCB 28 PCB 4,76 [52] 
PCB 28 PCB 4,65 [52] 
PCB 35 PCB 3.94 [49] 
PCB 44 PCB 3.89 [50] 
PCB 44 PCB 5,49a [1] 
PCB 44 PCB 3.80 [51] 
PCB 52 PCB 5,21 [5] 
PCB 52 PCB 5,40 [48] 
PCB 52 PCB 3.90 [49] 
PCB 52 PCB 3.86 [50] 
PCB 52 PCB 5,49a [1] 
PCB 52 PCB 3.87 [51] 
PCB 52 PCB 5,14 [52] 
PCB 52 PCB 4,99 [52] 
PCB 66 PCB 3.93 [50] 
PCB 66 PCB 5,57a [1] 
PCB 66 PCB 3.88 [51] 
PCB 77 PCB 3.92 [50] 
PCB 77 PCB 5,80a [1] 
PCB 77 PCB 3.83 [51] 
PCB 101 PCB 3.59 [49] 
PCB 101 PCB 3.57 [50] 
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Chemical  Chemical Groupb logKpw Reference 
PCB 101 PCB 5,61a [1] 
PCB 101 PCB 3.56 [51] 
PCB 101 PCB 5,48 [52] 
PCB 101 PCB 5,48 [52] 
PCB 105 PCB 3.49 [50] 
PCB 105 PCB 5,73a [1] 
PCB 105 PCB 3.42 [51] 
PCB 118 PCB 5,52 [5] 
PCB 118 PCB 3.59 [49] 
PCB 118 PCB 3.52 [50] 
PCB 118 PCB 5,67a [1] 
PCB 118 PCB 3.56 [51] 
PCB 126 PCB 3.26 [50] 
PCB 126 PCB 5,73a [1] 
PCB 126 PCB 3.22 [51] 
PCB 128 PCB 2.97 [50] 
PCB 128 PCB 5,52a [1] 
PCB 128 PCB 2.88 [51] 
PCB 138 PCB 3.15 [49] 
PCB 138 PCB 3.36 [50] 
PCB 138 PCB 5,49a [1] 
PCB 138 PCB 3.37 [51] 
PCB 138 PCB 5,98 [52] 
PCB 138 PCB 5,65 [52] 
PCB 153 PCB 3.37 [49] 
PCB 153 PCB 3.40 [50] 
PCB 153 PCB 5,67 [52] 
PCB 153 PCB 6,01 [52] 
PCB 156 PCB 5,44a [1] 
PCB 156 PCB 2.92 [51] 
PCB 170 PCB 2.91 [50] 
PCB 170 PCB 5,02a [1] 
PCB 170  PCB 2.96 [51] 
PCB 180 PCB 5,60 [5] 
PCB 180 PCB 2.70 [49] 
PCB 180 PCB 2.94 [50] 
PCB 180 PCB 5,07a [1] 
PCB 180 PCB 2.92 [51] 
PCB 180 PCB 6,37 [52] 
PCB 180 PCB 5,53 [52] 
PCB 187 PCB 3.18 [50] 
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Chemical  Chemical Groupb logKpw Reference 
PCB 187 PCB 5,14a [1] 
PCB 187 PCB 3.26 [51] 
PCB 195 PCB 2.71 [50] 
PCB 201 PCB 2.99 [50] 
PCB 201 PCB 4,77a [1] 
PCB 201 PCB 3.08 [51] 
PCB 206 PCB 2.48 [50] 
PCB 206 PCB 4,46a [1] 
PCB 206 PCB 2.45 [51] 
PCB 209 PCB 2.40 [50] 
PCB 209 PCB 4,27a [1] 
PCB 209 PCB 2.43 [51] 
PCB 153/168 PCB 5,63 [5] 
PCB 153/168 PCB 5,45a [1] 
PCB 153/168 PCB 3.42 [51] 
n-decane alkane 5,82 [5] 
n-decane alkane 5,72 [5] 
n-decane alkane 5,98 [48] 
n-decane alkane 4,06 [53] 
n-decane alkane 3,32 [53] 
n-dodecane alkane 6,47 [5] 
n-dodecane alkane 6,75 [5] 
n-hexane alkane 3,35 [53] 
n-hexane alkane 3,29 [53] 
n-nonane alkane 5,4 [5] 
n-nonane alkane 5,41 [5] 
n-nonane alkane 5,45 [48] 
n-octane alkane 4,72 [5] 
n-octane alkane 4,60 [5] 
n-octane alkane 4,93 [48] 
n-octane alkane 4,00 [53] 
n-octane alkane 3,55 [53] 
n-tetradecane alkane 6,82 [5] 
n-tetradecane alkane 7,35 [5] 
n-tridecane alkane 6,69 [5] 
n-tridecane alkane 7,17 [5] 
n-undecane alkane 6,27 [5] 
n-undecane alkane 6,32 [5] 
benzene BTEX 1,99 [53] 
benzene BTEX 1,85 [53] 
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Chemical  Chemical Groupb logKpw Reference 
ethylbenzene BTEX 2,72 [53] 
ethylbenzene BTEX 2,49 [53] 
ethylbenzene BTEX 2.71 [42] 
m+ p-xylene BTEX 2,65 [53] 
m+ p-xylene BTEX 2,50 [53] 
o-xylene BTEX 2,56 [53] 
o-xylene BTEX 2,42 [53] 
p-xylene BTEX 2.76 [42] 
toluene BTEX 2,58 [53] 
toluene BTEX 2,17 [53] 
metolachlor OC 3,45 [44] 
metolachlor OC 3,38 [44] 
1,2,3,4-tetrachlorobenzene OC 3,61 [52] 
1,2,3,4-tetrachlorobenzene OC 3,20 [52] 
hexachlorobenzene OC 4,44 [52] 
hexachlorobenzene OC 4,33 [52] 
pentachlorobenzene OC 4,05 [52] 
pentachlorobenzene OC 3,92 [52] 
α-endosulfan OC 3,33 [54] 
β-endosulfan OC 3,30 [54] 
endosulphan I OC 4.44 [49] 
endosulphan II OC 3.8 [49] 
endosulfan ether OC 2,89 [54] 
endosulfan lactone OC 2,17 [54] 
endosulfan Ketone OC 3.46 [49] 
endosulfan Aldehyde OC 2.97 [49] 
endosulfan Sulfate OC 3.70 [49] 
p,p`-DDD OC 3.70 [49] 
p,p`-DDD OC 5,20a [1] 
p,p`-DDD OC 4,55 [52] 
p,p`-DDD OC 4,44 [52] 
p,p`-DDE OC 5,74a [1] 
p,p`-DDE OC 3.43 [49] 
p,p`-DDE OC 5,26 [52] 
p,p`-DDE OC 5,39 [52] 
p,p`-DDT OC 3.33 [49] 
p,p`-DDT OC 5,63a [1] 
α-HCH OC 3.17 [49] 
α-HCH OC 2,66 [52] 
β -HCH OC 2.66 [49] 
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Chemical  Chemical Groupb logKpw Reference 
β-HCH OC 2,59 [52] 
γ-HCH OC 2,59 [52] 
γ-HCH OC 2,03 [55] 
δ -HCH OC 3.30 [49] 
δ-HCH OC 2,03 [52] 
lindane OC 3.15 [49] 
dieldrin OC 3.79 [49] 
endrin OC 4.56 [49] 
heptachlor OC 3.81 [49] 
aldrin OC 3.33 [49] 
methoxychlor OC 3.40 [49] 
azinphos-methyl OP 2,54 [56] 
bromophos methyl OP 3,59 [57] 
carbophenothion OP 3.17 [49] 
chlorpiryphos OP 3.30 [49] 
chlorpyrifos OP 3,65 [56] 
diazinon OP 2,84 [57] 
diazinon OP 3,18 [56] 
diazinon OP 2.77 [49] 
dichlofenthion OP 3,29 [57] 
dichlorvos OP 1,85 [44] 
dichlorvos OP 2,11 [56] 
dimethoate OP 2,54 [56] 
disulfoton OP 3,20 [56] 
EPN OP 3,60 [56] 
ethion  OP 3,17 [57] 
ethion OP 3.13 [49] 
ethoprophos OP 2,26 [56] 
ethylayinphos OP 1.93 [49] 
famphur OP 2,18 [56] 
fenamiphos OP 2,95 [44] 
fenamiphos OP 3,43 [44] 
fenchlorphos OP 3,54 [56] 
fenthion OP 3.07 [49] 
fenthion OP 3,11 [57] 
fenitrothion OP 2,61 [57] 
fenitrothion OP 3,00 [56] 
fonofos OP 3.01 [49] 
iprofenfos OP 2,60 [56] 
isoxathion OP 3,26 [56] 
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Chemical  Chemical Groupb logKpw Reference 
malathion OP 2,64 [57] 
methyl-trithion OP 3.43 [49] 
parathion OP 2.74 [49] 
parathion-ethyl OP 3,02 [57] 
parathion-ethyl OP 3,04 [56] 
parathion-methyl OP 2,14 [57] 
parathion-methyl OP 1,97 [57] 
parathion-methyl OP 2,11 [56] 
parathion-methyl OP 2.15 [49] 
phenitrothion OP 2.53 [49] 
phenthoate OP 2.94 [49] 
phorate OP 3,08 [56] 
phosalone OP 2,80 [55] 
prothiofos OP 4,00 [56] 
quinalphos OP 2.92 [49] 
sulfotep OP 3,20 [56] 
thionazin OP 1,70 [56] 
tradimephon OP 2.34 [49] 
triazophos OP 1.93 [49] 
acenaphtene PAH 3,63 [58] 
acenaphthylene PAH 3,40 [58] 
anthracene PAH 3,97 [53] 
anthracene PAH 3,14 [53] 
anthracene PAH 3,46 [52] 
anthracene PAH 3,20 [52] 
anthracene PAH 3,98 [58] 
anthracene PAH 3,84 [59] 
benz(a)anthracene PAH 4,46 [53] 
benz(a)anthracene PAH 3,57 [53] 
benz(a)anthracene PAH 5,26 [58] 
benz(a)anthracene PAH 4,77 [59] 
benzo(a)pyrene PAH 4,14 [52] 
benzo(a)pyrene PAH 4,66 [52] 
benzo(a)pyrene PAH 4,26 [53] 
benzo(a)pyrene PAH 3,47 [53] 
benzo(a)pyrene PAH 5,39 [58] 
benzo(a)pyrene PAH 5,24 [59] 
benzo(b)fluoranthene PAH 5,17 [58] 
benzo(b)fluoranthene PAH 5,23 [59] 
benzo[ghi]perylene PAH 4,28 [58] 
benzo(ghi)perylene PAH 5,50 [59] 
benzo(k)fluoranthene PAH 5,33 [58] 
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benzo(k)fluoranthene PAH 5,23 [59] 
chrysene PAH 4,72 [53] 
chrysene PAH 3,97 [53] 
chrysene PAH 5,69 [58] 
chrysene PAH 4,69 [59] 
dibenzo(a,c,)anthracene PAH 4,83 [59] 
dibenzo[a,h]anthracene PAH 4,86 [58] 
fluoranthene PAH 3,79 [52] 
fluoranthene PAH 3,72 [52] 
fluoranthene PAH 4,38 [53] 
fluoranthene PAH 4,11 [53] 
fluoranthene PAH 4,71 [58] 
fluoranthene PAH 4,26 [59] 
fluorene PAH 3,63 [48] 
fluorene PAH 3,71 [58] 
indeno[1,2,3-cd]pyrene PAH 4,43 [58] 
naphthalene PAH 3,02 [58] 
naphthalene PAH 2,71 [53] 
naphthalene PAH 2,85 [53] 
naphthalene PAH 2,82 [48] 
napththalene PAH 2.83 [42] 
phenanthrene PAH 3,96 [58] 
phenanthrene PAH 4,42 [53] 
phenanthrene PAH 3,41 [53] 
phenanthrene PAH 3,45 [52] 
phenanthrene PAH 3,25 [52] 
phenanthrene PAH 3,85 [48] 
phenanthrene PAH 3,83 [59] 
pyrene PAH 4,49 [48] 
pyrene PAH 3,82 [52] 
pyrene PAH 3,80 [52] 
pyrene PAH 4,44 [53] 
pyrene PAH 4,07 [53] 
pyrene PAH 4,86 [58] 
pyrene PAH 4,32 [59] 
1-methyl naphthalene PAH 3.26 [42] 
bifenthrin Pyr 4,26a [9] 
bifenthrin Pyr 3,79a [9] 
λ-Cyhalothrin Pyr 4,21a [9] 
λ-Cyhalothrin Pyr 3,76a [9] 
cyfluthrin Pyr 3,88a [9] 
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Chemical  Chemical Groupb logKpw Reference 
cyfluthrin Pyr 4,25a [9] 
cypermethrin Pyr 4,32a [9] 
cypermethrin Pyr 3,98a [9] 
deltamethrin Pyr 4,03a [9] 
deltamethrin Pyr 3,58a [9] 
esfenvalerate Pyr 4,05a [9] 
esfenvalerate Pyr 3,52a [9] 
fenpropathrin Pyr 4,52a [9] 
fenpropathrin Pyr 4,07a [9] 
cis-permethrin Pyr 4,57a [9] 
cis-permethrin Pyr 3,94a [9] 
trans-permethrin Pyr 4,55a [9] 
trans-permethrin Pyr 3,96a [9] 
ametryn triazine 4,33 [60] 
ametryn triazine 2.03 [49] 
atrazine triazine 2,32 [44] 
atrazine triazine 2,40 [44] 
atrazine triazine 1.46 [49] 
cyanazine triazine 0.60 [49] 
prometon triazine 3,08 [44] 
prometon triazine 3,15 [44] 
prometryn triazine 4,44 [60] 
prometryn triazine 2.41 [49] 
propazine triazine 3,60 [60] 
propazine triazine 1.67 [49] 
simazine triazine 0.30 [49] 
terbuthylazine triazine 4,25 [60] 
terbuthylazine triazine 2.03 [49] 
terbutryn triazine 3,61 [44] 
terbutryn triazine 3,94 [44] 
terbutryn triazine 4,56 [60] 
terbutryn triazine 2.80 [49] 
trietazyne triazine 2.37 [49] 
triadimefon triazole 3,26 [44] 
triadimefon triazole 3,20 [44] 
4-chlorotoluene other 2.87 [42] 
biphenyl other 3.37 [42] 
dichlofluanid other 2,24 [55] 
iodobenzene other 2.73 [42] 
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Chemical  Chemical Groupb logKpw Reference 
napropamide other 3,23 [44] 
napropamide other 3,40 [44] 
procymidone other 1,59 [55] 
propylbenzene other 3.14 [42] 
vinclozoline other 1,99 [55] 
a Data passed quality criteria (see text), but logKpw was lower than the logKpw reported 
in 2-10 other studies for the same chemical-PDMS combination (see Figure A2.1 and 
text). bPAH: polyaromatic hydrocarbons, OC: organochlorines, OP: 
organosphosphourous insecticides, Pyr: pyrethroids  
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TABLE A2.3: DATA COLLECT FOR OTHER PLASTICS 
Chemical logKpw 
[L/kg] 
Ref logKow  
chosen 
Type of logKowe Ref 
Polypropylene      
Phenanthrene 3,17a [61] 4,48 FAV [21] 
PCB 8,5 4,81 [62] 5,11 FAV [19] 
PCB 28 4,92 [62] 5,66 FAV [19] 
PCB 52 4,92 [62] 5,95 FAV [19] 
PCB 44 4,97 [62] 6,11 FAV [19] 
PCB 66,95 5,09 [62] 6,11 FAV [19] 
PCB 90, 101 5,34 [62] 6,38 FAV [19] 
PCB 110, 77 5,46 [62] 6,55 FAV [19] 
PCB 118 5,54 [62] 6,65 FAV [19] 
PCB 132, 153 6,02 [62] 6,86 FAV [19] 
PCB 105 5,60 [62] 6,55 FAV [19] 
PCB 138, 160 5,89 [62] 7,19 FAV [19] 
PCB 187 5,56 [62] 7,43 FAV [19] 
PCB 128 5,28 [62] 6,99 FAV [19] 
DDE 5,27 [62] 6,31 FAV [19] 
Polystyrene      
nonylphenol 4,74 [62] 5,76 meas  
PCB 31 2,49 [11] 5,78 FAV [19] 
PCB 47 2,61 [11] 6,11 FAV [19] 
PCB 103 2,61 [11] 6,38 FAV [19] 
PCB 128 3,13 [11] 6,99 FAV [19] 
PCB 171 2,88 [11] 7,43 FAV [19] 
PCB 200 2,63 [11] 7,88 FAV [19] 
PCB 206 2,11 [11] 8,32 FAV [19] 
PVC      
PCB 209 2,01 [11] 8,76 FAV [19] 
PCB 31 3,84 [11] 5,78 FAV [19] 
PCB 47 3,51 [11] 6,11 FAV [19] 
PCB 103 3,66 [11] 6,38 FAV [19] 
PCB 128 2,86 [11] 6,99 FAV [19] 
PCB 171 2,74 [11] 7,43 FAV [19] 
PCB 200 2,47 [11] 7,88 FAV [19] 
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Chemical logKpw 
[L/kg] 
Ref logKow  
chosen 
Type of logKowe Ref 
PCB 206  [11] 8,32 FAV [19] 
PCB 209  [11] 8,76 FAV [19] 
DDT 4,85 [63] 5,92 FAV [19] 
DEHP 3,90 [63] 7,60 meas [25] 
Phenanthrene 3,18 [63] 4,48 FAV [21] 
Phenanthrene 3,05a [61] 4,48 FAV [21] 
Phenanthrene 3,04a [61] 4,48 FAV [21] 
phenobarbitone 0,69b [64] 0,00 FAV [21] 
Flunitrazepam 1,81b [64] 2,06 meas [25] 
Nitrazepam 0,90b [64] 2,25 meas [25] 
Oxazepam 0,90b [64] 2,24 meas [25] 
Nitrogylcerin 1,47b [64] 1,62 meas [25] 
Medazepam 1,70b [64] 4,41 meas [25] 
Fluphenazine 2,86b [64] 4,36 meas [25] 
Naproxen 2,43b [64] 3,18 meas [25] 
Verapamil 3,18b [64] 3,79 meas [25] 
Diclofenac 2,60b [64] 4,51 meas [25] 
Clomethiazole 1,26b [64] 2,12 meas [25] 
Clonazepam 1,08b [64] 2,41 meas [25] 
Warfarin 1,96b [64] 2,70 meas [25] 
Diltiazem 1,35b [64] 2,70 meas [25] 
Diazepam 1,12b [64] 2,82 meas [25] 
Hydralazine 2,36b [64] 1,00 meas [25] 
Promazine 3,37b [64] 4,55 meas [25] 
Chlorpromazine 5,88b [64] 5,41 meas [25] 
Thioridazine 4,43b [64] 5,90 meas [25] 
UHMWPE      
phenanthrene 4,54a [63] 4,48 FAV [21] 
DDT 4,81a [63] 5,92 FAV [19] 
DEHP 4,82a [63] 7,60 meas [25] 
HDPE      
phenanthrene 4,41a [61] 4,47 FAV [21] 
naphthalene 3,83c,d [23] 3,4 FAV [21] 
acenaphthalene 4,26c,d [23] 3,95 FAV [21] 
Fluorene 4,03c,d [23] 4,11 FAV [21] 
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Chemical logKpw 
[L/kg] 
Ref logKow  
chosen 
Type of logKowe Ref 
Fluoranthene 4,78c,d [23] 4,97 FAV [21] 
Pyrene 4,73c,d [23] 5,01 FAV [21] 
Benz(a)anthracene 5,64c,d [23] 5,83 FAV [21] 
Chrysene 6,05c,d [23] 5,67 FAV [21] 
Toluene 1,85 [65] 2,73 Meas [25] 
o-xylene 2,39 [65] 3,15 meas [25] 
aConverted from seawater to freshwater (see main text)  
bconverted to the unionized species where necessary [64]  
cconverted from L/L to L/kg assuming a HDPE density of 0.955 kg/L [23]   
dConverted from estuary to freshwater assuming [salt]=0.25mol/L 
eFAV=Final adjusted value, est= estimated value by Kowwin 1.68 or listed measured 
value in Kowwin from Episuite [25] 
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TABLE  A3.1:  REPORTED  DDT,  PHENANTHRENE  (PHE)  AND  DEHP 
CONCENTRATION IN SEAWATER 
Reported  DDT, phenanthrene (Phe) and DEHP concentrations for low and high 
polluted sites and used in this study.  
POP Log Kow Reference POP concentration  
[μg/L] 
Ref.  
Low High 
DDT 6.36 [1] 0.0002 0.023 [2] 
Phe 4.5 [3] 0.00324 0.377 [4-5] 
DEHP 7.5 [6] 0.0053 2.2 [7-8] 
 
TABLE A3.2A: REPORTED PLASTIC DEBRIS IN MARINE ORGANISMS 
Reported amounts of plastic debris collected from a range of marine organisms  
Organism Plastic stomach content  
[g] 
Sampling year Ref. 
Planktivorous fish  0.00157  2008 [9] 
Harbour seals  24.4 2001-2002 
2009-2010 
[10] 
Cape Petrel  0.0201 1984-1987 [11] 
Southern fulmar  0.0106 1984-1987 [11] 
Seabirds  0.30  1987 [12] 
Northern fulmar  0.280  2003-2007 [13] 
Northern fulmars  0.385  2009-2010 [14] 
 
TABLE A3.2B: REPORTED GUT RETENTION TIME FOR SEDIMENTS/ 
ANTHROPOGENIC PARTICLES 
Organism Particle type Gut retention time (hours) References 
Arenicola marina sediment 2 [15-16] 
Fish food 4-158 [17] 
Seabird food 11 [18] 
 
 
  
  
TABLE A3.3: REPORTED DDT CONCENTRATION IN MARINE ORGANISMS 
Marine organism Sampling location Sampling time DDT concentration 
[μg kg-1 ww] 
Ref. 
Classification Species  p,p’-DDE p,p’-DDT  
Polychaeta Dendronereis spp. Malay Pinsula 1985 69-71 n.s [19] 
Arenicola marina Dutch Wadden Sea 1979 60-160 n.s [20] 
Diopatra ornate 
Pista alata 
 
Coastal ocean, Southern 
California 
1995 13517* < 2.3 [21] 
Paraprionospio 
pinnata 
1996 14798* < 9.2 
Mediterranean mussel Mitylus 
galloprovencialis 
Italian coasts 2002 0.19-1.49 nd-0.24 [22] 
Norway lobster Nephrops norvegicus 0.10-0.36 nd-0.18 
Red mullet Mullus barbatus 0.31-2.23 nd-0.58 
European flying squid Sepia officinalis nd-0.39 nd-0.11 
Common cuttle-fish Totarodes sagitattus nd nd 
European anchovy Engraulis 
encrasicholus 
nd-0.30 nd-0.66 
European pilchard Sardina pilchardus 0.33-2.58 nd-0.36 
Atlantic mackerel Scomber scombrus 0.01-2.76 nd-0.51 
Bartail flathead Platycephalus indicus South China 2004 19.5 8.40 [23] 
Snubnose poampano Trachinotus blochii 244 133 
Goldspotted rabbitfish Siganus punctatus 10.7 n.d. 
Tongue sole Cynoglossus robustus 12.6 n.d 
  
 
Marine organism Sampling location Sampling time DDT concentration 
[μg kg-1 ww] 
Ref. 
Classification Species  p,p’-DDE p,p’-DDT  
Northern Fulmar  Procellariidae Northern Baffin Bay 1998 3093(fat) 
149(liver) 
360 (fat) 
10.1 
(liver) 
[24] 
Kelp gull eggs Larus dominicanus Maiquillahue Bay 1998-1999 151 (∑ DDTs) [25] 
Pink-footed Shearwater 
eggs 
Puffinus creatopus Juan Fernandez Islands 163.1 (∑ DDTs) 
Black-footed albatross  North Pacific 1992-1993  35.5 [26] 
Laysan albatross   11.5 
Black-footed albatross  1997-1998 13000-
73000 
1200-
4400 
[27] 
Laysan albatross  190-1400 3200-
9500 
Nd: not detected 
 
 
 
 
 
 
 
  
TABLE A3.4: REPORTED PHENANTHRENE (PHE) CONCENTRATION IN MARINE ORGANISMS 
Marine organism 
Sampling location Sampling time Phe concentration [μg kg-1 ww] Ref. Classification Species 
Marine mollusc Mytilus galloprovinclialis Western Mediterranean sea 2004-2006 4.44 (dry wt) [28] 
Marine fish 
Doma  Mumbai transharbour, 
Maharashtra 2006-2008 
0.61  [29] Mandeli 0.99  
Brown spotted grouper 
Arabian Gulf 1997 
1.3 
[30] 
Yellow finned black Sea bream 0.86 
River Shad 1.07 
Silvery Grunt 0.94 
Silvery Pomfret 1.31 
Scomberomorus commerson Western coast of 
Alexandria 2005 
0.608 [31] Sphyraena sphyraena 338.76 
 
 
 
 
 
 
 
  
 
TABLE A3.5: REPORTED DEHP CONCENTRATIOSN IN MARINE ORGANISMS 
Marine organism 
Sampling location Sampling time DEHP concentration (μg kg-1 ww) Ref. Classification Species 
Polychaete Neanthes virens 
Portland, Maine, USA 1980 
380-490 
[32] 
clams ns 110-170 
Fish 
Various fish species 
(liver) Tees Bay, United 
Kingdom ns 
43-85.9 
[33] Various fish species 
(muscle) 13-51.3 
n.s. not specified 
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BIOACCUMULATION MODELS 
Approach A: 
The concentration of the pollutant in each species i (Ci in µg kg-1) was 
calculated with the assumption that an individual ingesting and egesting 
sufficient plastic over its life time to reach equilibrium between lipid and plastic 
debris, Equ-A3.1: 
ܥ௜ ൌ   ஼೛ ௄೛ೢ   ·  ܭ௢௪ · ݌௟௜௣      (Eq-A3.1) 
where  Cp  = concentration of the pollutant in plastic (µg kg-1) 
 Kpw = plastic water partition coefficient 
 Kow = octanol water partition coefficient  
 plip = lipid fraction of bird (kg kg-1) 
 
Approach B: 
The concentration of the pollutant in species i (Ci in µg kg-1), that species i would 
achieve after a lifelong plastic ingestion was calculated with the assumption that all 
pollutants sorbed onto plastic were transferred to the organisms using Equ-A3.2: 
ܥ௜ ൌ  ݇௣,௜௡   · ܽ · ܥ௣      (Equ-A3.2) 
where  kp,in  = plastic ingestion rate (kg kg-1 d-1) 
 a = lifespan of species i (d-1) 
Allometric regressions suggested a lifespan of 18 years and 398 days for the seabird and 
the fish, respectively [34-35], which was in agreement with reported lifespans for 
species of similar weights [36-38]. For the lifespan of the lugworm, the reported value 
of 6 years was used [36].  
Plastic ingestion rate was calculated as Equ-A3.3: 
 
݇௣,௜௡ ൌ   ߛ௣   · ݍ௖ · ݓି఑      (Equ-A3.3) 
where  γp  = Plastic ingestion coefficient (kgК d-1) 
qT  = Temperature correction factor (kg kg-1) 
w = Species weight (kg) 
 κ = rate coefficient (-) 
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It should be noted that Eq.S1 gives a theoretical limit to Eq.S2, as no additional 
pollutants will be absorbed from the plastic after equilibrium between the lipid fraction 
of the species and the plastic is reached. Approach B should therefore help to indicate 
whether lifelong plastic ingestion could be sufficient to reach equilibrium between the 
plastic and the species.  
Approach C: 
In approach C, we applied the OMEGA model to calculate internal concentration of 
pollutants in species of different trophic levels such as a seabird, a fish and a lugworm. 
The model is described in detail in Hendriks et al. (2001)[39]. Here, we only describe 
briefly the relevant processes used for this study.  
The internal concentration of species i (Ci) at steady state equals the ratio of the sum of 
uptake divided by the sum of elimination. In this study, we considered uptake from 
water (kw,X,in · Cw), from food (kf,X,in · Cfood) and from plastic (kp,X,in · Cp) as well as the 
elimination with water (kw,X,out), food (kf,X,out), plastic (kp,X,out) and biomass dilution from 
growth or reproduction (kb,X,out) as shown in Equ-A3.4: 
ܥ௜ ൌ   ௞ೢ,೉,೔೙ · ஼ೢ ା ௞೑,೉,೔೙ · ஼೑೚೚೏ ା ௞೛,೉,೔೙ · ஼೛ఀ௞ೢ,೉,೚ೠ೟ ା ௞೑,೉,೚ೠ೟ ା ௞೛,೉,೚ೠ೟ ା ௞್,೉,೚ೠ೟    (Equ-A3.4) 
In this study, we neglected the uptake from air as well as elimination by metabolism. 
The uptake and excretion via water was calculated using Equ-A3.5 and Equ-A3.6 (see 
Table A3.6 for the definition of the symbols): 
݇௪,௑,௜௡ ൌ   ௪
షೖ
ఘಹమೀ,ೢା 
ഐ಴ಹమ,೔
಼೚ೢ ା 
భ
ംೢ
      (Equ-A3.5) 
݇௪,௑,௢௨௧ ൌ   ଵ௣೗೔೛,೔·ሺ௄೚ೢିଵሻାଵ ·
௪షೖ
ఘಹమೀ,ೢା 
ഐ಴ಹమ,೔
಼೚ೢ ା 
భ
ംೢ
   (Equ-A3.6) 
The uptake from food and excretion with faeces were modeled using Equ-A3.7 and 
Equ-A3.8 (see Table A3.6 for definition of the symbols): 
݇௙,௑,௜௡ ൌ ଵଵି௣೑   ·
ଵ
௣೗೔೛,೔షభ  · ሺ௄೚ೢିଵሻାଵ ·
௪షೖ
ఘಹమೀ,೑ା 
ഐ಴ಹమ,೔
಼೚ೢ·೜೅ା 
భ
೛೗೔೛,೔షభ·಼೚ೢ ·ቀభష೛೑ቁ·ം೑·೜೅
 (Equ-A3.7) 
݇௙,௑,௢௨௧ ൌ ଵ௣೗೔೛,೔  · ሺ௄೚ೢିଵሻାଵ ·
௪షೖ
ఘಹమೀ,೑ା 
ഐ಴ಹమ,೔
಼೚ೢ·೜೅ା 
భ
೛೗೔೛,೔షభ· ಼೚ೢ· ቀభష೛೑ቁ·ം೑·೜೅
 (Equ-A3.8) 
The elimination by biomass dilution was modeled as followed (see Table A3.6 for 
definition of the symbols): 
Appendix 3 
195 
 
݇௕,௑,௢௨௧ ൌ ߛ௕ · ݍ் · ݓି௞      (Equ-A3.9) 
Plastic was treated like undigested food, such that uptake and excretion of the pollutant 
with plastic was estimated using Equ-A3.10 and Equ-A3.11: 
݇௣,௑,௜௡ ൌ ଵଵି௣೛   ·
ଵ
௄೛ೢ ·
௪షೖ
ఘಹమೀ,೑ା 
ഐ಴ಹమ,೔
಼೚ೢ·೜೅ା 
భ
಼೛ೢ·൫భష೛೛൯·ം೛·೜೅
   (Equ-A3.10) 
݇௣,௑,௢௨௧ ൌ ଵ௣೗೔೛,೔  · ሺ௄೚ೢିଵሻାଵ ·
௪షೖ
ఘಹమೀ,೑ା 
ഐ಴ಹమ,೔
಼೚ೢ·೜೅ା 
భ
಼೛ೢ·൫భష೛೛൯·ം೛·೜೅
  (Equ-A3.11) 
The pollutant concentration in food was estimated using a standard food chain 
bioaccumulation model. It was assumed, that the seabird (trophic level 4) feeds on the 
marine fish species (trophic level 3), which in turn feeds on zooplankton feeding on 
phytoplankton. The potential transfer of plastic debris within the food chain was 
neglected. Lugworms are detritivores that feed on organic carbon contained in soil 
(typical marine sediment with 1% of organic carbon). The pollutant concentration in wet 
organic matter in sediment representing Cfood was calculated using (Equ-A3.12): 
ܥ௙௢௢ௗ ൌ   ܭ௪௢௠ · ܥ௪      (Equ-A3.12) 
And the wet organic matter- water partition coefficient was calculated assuming that wet 
organic matter contains 90% water, and 50% of the dry organic matter consists of 
organic carbon (Equ-A3.13): 
ܭ௪௢௠ ൌ  0.1 · 0.5 ·  ܭ௢௖      (Equ-A3.13) 
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TABLE A3.6: RATES AND PARAMETERS USED IN THE OMEGA MODEL 
 Description Unit Typical 
value 
Ref.  
a Lifespan d Table A3.7  
Cw Concentration in water µg L-1 variable  
Cfood Concentration in food µg kg-1 variable  
Cp Concentration in plastic µg kg-1 variable  
Ci Concentration in organism µg kg-1 Equ-A3.4 [39] 
γw water absorption-excretion 
coefficient 
water breathing 
air breathing 
 
 
kgК d-1 
kgК d-1 
 
 
200 
0.2 
 
 
[39] 
[39] 
γf Food ingestion coefficient kgК d-1 0.005 [39] 
γb Biomass (re)production coefficient kgК d-1 0.0006 [39] 
γp Plastic ingestion coefficient kgК d-1 0.01 . γf 
0.05 · γf 
0.50 . γf 
This study 
kw,X,in Rate constant for pollutant 
absorption from water 
L kg-1 d-
1 
Equ-A3.5 [39] 
kf,X,in Rate constant for pollutant 
absorption from food 
kg kg-1 
d-1 
Equ-A3.7 [39] 
kp,X,in Rate constant for pollutant 
absorption from plastic 
kg kg-1 
d-1 
Equ-A3.10 [39] 
kw,X,out Rate constant for pollutant 
excretion with water 
d-1 Equ-A3.7 [39] 
kf,X,out Rate constant for pollutant 
excretion with egestion 
d-1 Equ-A3.8 [39] 
kp,X,out Rate constant for pollutant 
excretion with water 
d-1 Equ-A3.11 [39] 
kb,X,out Rate constant for biomass dilution 
by growth or reproduction 
d-1 Equ-A3.9 [39] 
Koc Organic carbon water partition 
coefficient 
[-] variable [40]  
Kow Octanol-water partition coefficient [-] variable Table A3.1 
Kpw Plastic-water partition coefficient [-] Variable [41] 
Ksw om Wet organic matter water partition 
coefficient 
[-] Equ-A3.13  
κ Rate exponent [-] 0.25 [39] 
poc Fraction of organic carbon in soil kg kg-1 0.01 [42] 
pf Fraction of food assimilated 
Herbivore 
carnivore 
 
kg kg-1 
kg kg-1 
 
0.4 
0.8 
 
[39] 
[39] 
pp Fraction of plastic assimilated kg kg-1 0 Assumption 
in this study 
Plip,i Fraction of neutral lipid in kg kg-1 Table A3.7  
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 Description Unit Typical 
value 
Ref.  
organism (i) or in food (i-1) 
qT Temperature correction factor 
Cold-blood 
Warm-blooded 
 
kg kg-1 
kg kg-1 
 
1 
10 
 
[39] 
[39] 
ρCH2,i Lipid layer resistance 
Plants 
Animals 
 
d kg-1 
d kg-1 
 
4.6 · 103 
68 
 
[39] 
[39] 
ρH20,w Water layer resistance from/to 
water 
d kg-К 2.8 · 10-3 [39] 
ρH20,f Water layer resistance from/to food d kg-К 1.1 · 10-5 [39] 
X Substance [-]   
wi Species weight kg Table A3.7  
N.B. Koc was calculated using KocWin v2.00 in Episuite. Estimation Programs Interface 
Suite™ for Microsoft® Windows, v 4.1 [43].  
TABLE A3.7: CHARACTERISTICS OF THE MODELLED SPECIES  
Reported are their trophic level TL, mass w [ kg], lifespan a [d] and their lipid content 
plip,i. Also listed are their food source, and whether the species was a target species TS in 
the model or a species in the food chain FC.  
Species Sea-
bird 
Marine fish Zooplankton Phyto-
plankton 
Lug-
worm 
TL 4 3 2 1 2 
w  1 0.0075 10-6 10-12 0.004 
a 6424a 398b - - 2190c 
Plip 1d 0.05d 0.03d 0.01d 0.03d 
Food TL 3 
(fish) 
TL 2  
(Zooplankton) 
TL 1 
(phytoplankton) 
none Organic 
carbon in 
soil 
Role TS TS and FC FC FC TS 
aRef [35, 44-45] bRef. [46-47] c e.g. Ref. [36] dsum of neutral and polar lipid [48] 
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MODEL OUTPUT: 
TABLE A3.8: ESTIMATED CONCENTRATION IN LUGWORM 
Estimated concentration of DDT, phenanthrene (Phe) and DEHP in the lugworm 
Arenicola marina following ingestion of contaminated PE and PVC for scenarios A, B 
and C.  
 
   
Lugworm
Approaches 1% 5% 50% 1% 5% 50%
A  13.75 13.75 13.75 1581 1581 1581
B 10.97 42.19 422 1261 4852 48516
C (incl. plastic) 11.77 11.92 12.80 1354 1371 1472
C (excl. plastic) 11.71 11.71 11.71 1347 1347 1347
A  3.07 3.07 3.07 358 358 358
B 94.51 363 3635 10997 42295 422948
C (incl. plastic) 3.09 3.09 3.08 360 360 359
C (excl. plastic) 3.09 3.09 3.09 360 360 360
A  5028 5028 5028 2087103 2087103 2087103
B 295 1136 11365 122652 471739 4717388
C (incl. plastic) 1090 1187 2070 452441 492708 859370
C (excl. plastic) 1055 1055 1055 437801 437801 437801
Approaches 1% 5% 50% 1% 5% 50%
A  13.75 13.75 13.75 1581 1581 1581
B 11.86 45.62 456 1364 5247 52468
C (incl. plastic) 11.77 11.94 12.84 1354 1373 1476
C (excl. plastic) 11.71 11.71 11.71 1347 1347 1347
A  3.07 3.07 3.07 358 358 358
B 4.19 16.12 161 488 1875 18754
C (incl. plastic) 3.09 3.09 3.09 360 360 360
C (excl. plastic) 3.09 3.09 3.09 360 360 360
A  5028 5028 5028 2087103 2087103 2087103
B 35.75 138 1375 14840 57077 570767
C (incl. plastic) 1059 1071 1214 439586 444647 503768
C (excl. plastic) 1055 1055 1055 437801 437801 437801
PVC
[DDT] in g kg‐1 ww
[Phe] in g kg‐1 ww
[DEHP] in g kg‐1 ww
low pollution
[DDT] in g kg‐1 ww
high pollution
PE
[Phe] in g kg‐1 ww
[DEHP] in g kg‐1 ww
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TABLE A3.9: ESTIMATED CONCENTRATION IN MARINE FISH 
Estimated concentration of DDT, phenanthrene (Phe) and DEHP in a marine fish 
following ingestion of contaminated PE and PVC for scenarios A, B and C. Highlighted 
in red are examples of the neutral transfer of plastic co-contaminants following 
ingestion.
 
 
Fish
Approaches 1% 5% 50% 1% 5% 50%
A  22.91 22.91 22.91 2634 2634 2634
B 1.31 6.55 66 151 753 7535
C (incl. plastic) 39.23 38.14 31.63 4512 4386 3638
C (excl. plastic) 39.53 39.53 39.53 4546 4546 4546
A  5.12 5.12 5.12 596 596 596
B 11.29 56 565 1314 6569 65686
C (incl. plastic) 5.26 5.25 5.20 613 611 605
C (excl. plastic) 5.27 5.27 5.27 613 613 613
A  8380 8380 8380 3478505 3478505 3478505
B 35 176 1765 14653 73264 732639
C (incl. plastic) 9488 9477 9370 3938468 3934025 3889502
C (excl. plastic) 9491 9491 9491 3939593 3939593 3939593
Approaches 1% 5% 50% 1% 5% 50%
A  22.91 22.91 22.91 2634 2634 2634
B 1.42 7.09 71 163 815 8149
C (incl. plastic) 39.21 38.04 31.31 4509 4374 3601
C (excl. plastic) 39.53 39.53 39.53 4546 4546 4546
A  5.12 5.12 5.12 596 596 596
B 0.50 2.50 25 58 291 2913
C (incl. plastic) 5.27 5.27 5.26 613 613 612
C (excl. plastic) 5.27 5.27 5.27 613 613 613
A  8380 8380 8380 3478505 3478505 3478505
B 4.27 21 214 1773 8864 88644
C (incl. plastic) 9491 9489 9475 3939456 3938912 3932874
C (excl. plastic) 9491 9491 9491 3939593 3939593 3939593
PVC
[DDT] in g kg‐1 ww
[Phe] in g kg‐1 ww
[DEHP] in g kg‐1 ww
PE
[DDT] in g kg‐1 ww
low pollution high pollution
[Phe] in g kg‐1 ww
[DEHP] in g kg‐1 ww
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TABLE A3.10: ESTIMATED CONCENTRATION IN SEABIRD 
Estimated concentration of DDT, phenanthrene (Phe) and DEHP in a seabird following 
ingestion of contaminated PE and PVC for scenarios A, B and C. Highlighted in red are 
examples of the neutral transfer of plastic co-contaminants following ingestion.  
 
 
  
Seabird
Approaches 1% 5% 50% 1% 5% 50%
A  45.82 45.82 45.82 5269 5269 5269
B 62.24 311.22 3112 7158 35790 357900
C (incl. plastic) 175.61 166.48 114.14 20195 19145 13126
C (excl. plastic) 178.12 178.12 178.12 20484 20484 20484
A  10.25 10.25 10.25 1192 1192 1192
B 536.29 2681 26814 62401 312007 3120067
C (incl. plastic) 18.07 13.21 10.71 2103 1537 1246
C (excl. plastic) 23.81 23.81 23.81 2770 2770 2770
A  16760 16760 16760 6957011 6957011 6957011
B 1677 8384 83836 695998 3479990 34799900
C (incl. plastic) 39301 39166 37781 16313675 16257409 15682649
C (excl. plastic) 39335 39335 39335 16327888 16327888 16327888
Approaches 1% 5% 50% 1% 5% 50%
A  45.82 45.82 45.82 5269 5269 5269
B 67.31 336.57 3366 7741 38705 387055
C (incl. plastic) 175.41 165.62 111.64 20172 19046 12838
C (excl. plastic) 178.12 178.12 178.12 20484 20484 20484
A  10.25 10.25 10.25 1192 1192 1192
B 23.78 118.90 1189 2767 13835 138348
C (incl. plastic) 23.38 21.91 15.44 2721 2549 1796
C (excl. plastic) 23.81 23.81 23.81 2770 2770 2770
A  16760 16760 16760 6957011 6957011 6957011
B 202.87 1014 10144 84210 421051 4210514
C (incl. plastic) 39331 39315 39130 16326165 16319283 16242797
C (excl. plastic) 39335 39335 39335 16327888 16327888 16327888
PVC
[DDT] in g kg‐1 ww
[Phe] in g kg‐1 ww
[DEHP] in g kg‐1 ww
PE
[DDT] in g kg‐1 ww
low pollution high pollution
[Phe] in g kg‐1 ww
[DEHP] in g kg‐1 ww
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TABLE A3.11: BIOCONCENTRATION FACTORS AND LC50 
Bioconcentration factors (BCFs) and LC50s values used in the lethal body burden 
(LBB) calculations  
Chemical Organism LC50 [μg/L] Ref 
BCF 
[L/kg] Ref 
LBB 
calculated 
[mg kg-1 
ww] 
DDT 
Marine 
invertebrates 
0.45-
2.4 
[49] 
- - - 
Fish 
(smaller fish 
susceptible ) 
1.5-
5.6  
12000 
51000 
100000 
- 18-560 (range) 
Atlantic croaker  
(M. undulatus) 
_ 
12170 
12500 [50] 68-70 
Rainbow trout 
(S. gairdneri) 
21363 
43158 [51] 120-242 
Phe 
Polychaete 
(N. 
arenaceondentata) 
600 [52] _ 
Rainbow trout 375 [53] 
5100 
(Fathead 
minnow) 
Sigma-
Aldrich 
safety 
data 
sheet, 
2012 
1913 
1193 
16320 
Bluegill sunfish 234 
Rainbow trout  
(O. mykiss) 3200 _ 
DEHP 
Rainbow trout 
(O. mykiss) 
> 100 
000 [54] 100 
10 000  [55] 
10 000 
100 000 
Bluegill  
(L. macrochirus) 
> 770 
000 [56] 
100 000 
770 000 
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TABLE A3.12: LEVELS OF CONCERN AND MAXIMUM RESIDUE LIMIT 
Levels of concern and Maximum residue limit of phenanthrene, DDT and DEHP in fish 
and meat.  
Chemical 
Levels of concern (mg/kg) 
Legal 
authority Ref. TDIs Ref. 
Commodity 
Fish 
(edible portion) Meat 
Phenanthrene 490 - FDA [57] 0.04 [58] 
DDT 5 - FDA [59] 0.02 [60] 5 - FDA [61] 
DEHP 1.5 1.5 CFS [62] 
0.05 [63] 
0.025 [62] 
EU: European Union, FDA: US Food and Drug Administration, CFS: Centre for Food 
Safety, FAO: Food and Agriculture Organization of the United Nations, ATSDR: 
Agency for Toxic Substances and Disease Registry, EFSA  
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TABLE A4.1: PARAMETERS AND STATISTICS FOR DIFFERENT FITS 
Obtained parameter and the statistical measures AIC and RMSE for the “Kow&Khw“ 
(k=4) and “Kow only” (k=3) model versions when fit only to compounds with >50% or 
>95% neutral speciation at pH 6.5. Fitted parameter include the water layer (ρw), the 
inner (ρim) and outer (ρom) membrane resistance [d kg-κ].  
Model  ρw (·10-5) ρom ρim (·10-5) AIC (RMSE) 
Fit to neutral compounds (>50% neutral)  (n = 126)a 
“Kow only“ 3.7 0.84  [0.13-1.3]  344 (14.6) 
“Kow&Khw“ 3.7 0.41 [0.13-0.98] 1.8 [0-9.7] 342 (14.2) 
Fit to neutral compounds (>95% neutral)  
 
(n = 121)a 
“Kow only“ 3.7 0.84 [0.17-2]  329 (14.7) 
“Kow&Khw“ 3.7 0.51[0.12-1.5] 1.8 [0-9.1] 329 (14.4) 
 aFor comparison: the full data set consisted of 241 chemicals 
TABLE A4.2: SENSITIVITY ANALYSIS 
Sensitivity analysis of estimated absorption efficiency towards variation in the 
parameters water layer resistance ρw, the inner ρim and outer ρom membrane, ingestion 
coefficient γ1, lipid fraction of food plip, water assimilation efficiency p1w and lipid 
assimilation efficiency p1l. Absorption efficiency was calculated for example chemicals 
(Chem 1-7) with different logKow and hydrogen bond donor strength A, once using the 
default valuesa. Subsequently, absorption efficiency was calculated for each parameter 
twice using its minimum and maximum value, and finally once using all minimal and 
maximum scenario, respectively. 
 1 2 3 4 5 6 7 
logKow  0 3 7 -5 -2 0 3 
A 0 0 0 1.5 1.5 1.5 1.5 
defa 99 100 82 0 1 41 98 
ρwb 99-99 100-100 94-60 0-0 1-jan 41-41 98-98 
ρomc 99 – 96 100 – 100 82 – 82 0 – 0 1 – 1 41– 40 98 – 98 
ρimd 99 – 99 100 – 100 82 – 82 0 – 0 3 – 0 72 – 9 99 – 88 
γ1 e 100 - 99 100- 100 90 – 69 0 – 0 1 – 0 58 – 25 99 – 96 
plip f 99–99 100–100 82–57 0–0 1–1 41–42 98–94 
p1w g  99 – 100 100 – 100 82 – 82 0 – 0 0 – 1 33 – 53 98 – 98 
p1l h 99 – 99 100 – 100 82 – 90 0 – 0 1 – 1 41 – 41 98 – 99 
all i 89-93 100-100 19-99 0-0 0-8 mrt-90 54-100 
a Calculated absorption efficiency if default values were used, and plip = 0.03 and A = 0 
b upper and lower limit of  the 95% confidence interval (1 –  11· 10-5d kg-1) 
c upper and lower limit of the 95% confidence interval (0.12 –  0.9 d kg-1) 
d upper and lower limit of the 95% confidence interval (1.6 – 43 · 10-5 d kg-1) 
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e γ1 for mammals ranged from 0.05 –  0.2 [1-2] 
f We varied plip as represented in the data set, thus ranging from 0.03 to 0.1  
g difficult to approximate, so we just took the range 0.3-0.7 
h we approximated the 95% CI from lipid assimilation efficiency in two fish species (0.8-
0.9) [3-4] 
i range of predicted estimation efficiency if all  parameters were set to minimum or 
maximum, respectively 
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A5.1 ADDITIONAL  INFORMATION ON DESCRIPTOR CALCULATION AND 
TREATMENT 
Smiles for the chemicals were obtained from chemspider.com, and confirmed where 
possible using Episuite. For each chemical, all molecular descriptors of the package 
ChemAxon (http://wiki.ochem.eu/w/Chemaxon_descriptors) and Mopac 
(http://wiki.ochem.eu/w/MOPAC) were calculated using the open source web-tool 
Ochem [1]. For the ChemAxon descriptors, the neutral form was used and Corina was 
applied for structure optimization. The Mopac descriptors were calculated using Mopac 
optimization without taking into account stereochemistry. Three chemicals were 
excluded from the analysis because neither ChemAxon nor Mopac descriptors could not 
be calculated (see also Table 1 in the manuscript).  
Descriptors were removed if all chemicals had the same value (i.e. standard deviation = 
0), or if there were < 5 compounds with a value different from zero. This was the case 
for some of the structural fragments descriptors such as counts of aliphatic or aromatic 
rings with 8 atoms. The descriptor “formal charge” was split into two descriptors 
accounting for positive and negative charge, respectively. Furthermore, from the pH-
sensitive descriptors, only the descriptors at pH 7.4 were used, as the descriptors at other 
pHs values were highly correlated to the descriptor at pH 7.4 (r > 0.9). An overview of 
the descriptors is given in Table 2 in the manuscript. 
The resulting descriptor set contained several highly correlated descriptors. Therefore, 
we used the variance inflation factors (VIF) to eliminate highly correlated descriptors 
from the starting set [2]. VIFs were calculated for all descriptors using the VIF function 
for linear and generalized linear models implemented in R [3]. We removed the 
descriptor with the highest VIF value, recalculated the VIF values, and repeated this 
procedure until the VIF values of all descriptors were < 10 [4]. This procedure was done 
for the KM and vMAX data set, respectively. 
A5.2 MODELS PER TRANSPORT PROTEIN FOR KM 
Models per transport protein were developed for OATP2B1 (n=13), OATP1A2 (n=12) 
and PEPT1 (n=5). Similarly like for the overall regression shown in the manuscript, the 
correlated variables in the descriptor set of each transport protein were eliminated using 
variation inflation factors (VIF), until all descriptors had VIF<10. If VIF were infinite 
due to colinearity of descriptors, one of the highly correlated descriptors was removed 
manually, where the descriptor of the pair was eliminated which was less correlated to 
the target property logKM. Then, variable selection was performed using bestglm 
implemented in R for the variable selection using the Akaike Information Criterion 
(AIC) as selection criteria [5-6]. The maximal amount of permitted descriptors per 
model were limited such that the requirement of n/m > 5 was fulfilled [7].  
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In approach A, only the descriptors from regression D in the manuscript were used as 
descriptor starting set, while in approach B all descriptors from Table 1 in the 
manuscript were used as a starting set. Additionally, we compared for PEPT1 the model 
statistics when using average logKM for PEPT1 substrates, as the logKM values of 
PETP1 varied less than 1 order of magnitude (Approach C).  All regressions are listed in 
Table A5.2.2 
Table A5.2.2 Regressions per transport protein for PEPT1, OATP2B1 and OATP1A2 
  r2 RMSE n p 
Approach A     
PEPT1 logKM =+0.63 FCPOS+3.07 0.85 0.13 5 0.03 
OATP2B1 logKM =+0.20 HBA7.4 – 0.07 Arac +0.478 0.38 0.98 13 0.09 
OATP1A2 logKM =0.13 HBA7.4 +0.60 0.23 0.53 12 0.11 
Approach B 
    
PEPT1 logKM =+0.23 averagemicrospeciescharge7.4 
+3.43 
0.89 0.11 5 0.01 
OATP2B1 logKM =0.39 HBA7.4 + 1.57 FCNEG +0.13  0.42 0.95 13 0.07 
OATP1A2 logKM =+0.12 DipPointCharge-0.12LogD7.4 
+ 0.99 
0.44 0.45 12 0.07 
Approach C 
    
PEPT1 logKM =3.33 n.a. 0.34 5 n.a. 
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TABLE A5.3 OVERVIEW OF CHEMICALS 
Overview of chemicals used in this study with reported kinetic parameters logKM and 
logvMAX 
NAME Transport 
protein 
logKM logvMAX Ref 
Calibration set     
Atorvastatin OATP2B1 -0,69 1,48 [8] 
Bosentan OATP2B1 2,31 3,36 [9] 
Cefadroxil PEPT1 3,22 NA [10-11] 
Cefixime PEPT1 3,15 NA [11] 
Ceftibuten PEPT1 2,85 NA [12] 
Fexofenadine OATP1A2 0,81 1,76 [13] 
Fluvastatin OATP2B1 -0,15 1,36 [14] 
γ-hydroxybutyric acid MCT1 4,25 4,24 [15] 
Levofloxacin OATP1A2 2,2 NA [16] 
Methotrexate OATP1A2 2,66 NA [17] 
Midodrine PEPT1 3,65 NA [18] 
Pravastatin OATP2B1 3,35 3,62 [19] 
Rosuvastatin OATP2B1, 
OATP1A2 
0,4 0,30 [20] 
Saquinavir OATP1A2 1,56 NA [21] 
Valacyclovir PEPT1 3,77 NA [22] 
Aspartatic acid  EAAC1 1,77 3,38 [23-24] 
Cholate OATP1A2 1,97 NA [25] 
D-carnitine OCTN2 1,04 3,02 [26] 
Dehydroepiandrosterone sulfate OATP2B1  
OATP1A2 
0,88 1,93 [27-28] 
D-lactate MCT1 3,77 4,54 [15] 
Estrone-3-sulfate OATP2B1,   
OATP1A2 
1,08 2,82 [17, 19, 
28-35] 
Folate PCFT 0,6 NA [36] 
Glucose SGLT1 2,48 NA [37] 
Glycine PAT1 3,93 4,07 [38] 
Glycocholate OATP1A2 1,28 NA [25] 
L-Cystein EAAC1 1,89 3,26 [24, 39] 
L-cystine EAAC1 1,99 2,07 [24] 
L-glutamat EAAC1 1,48 NA [23] 
Proline PAT1 3,3 3,79 [38] 
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NAME Transport 
protein 
logKM logvMAX Ref 
Pyruvate MCT1 3,4 NA [40] 
2,4,-dicarboxylic 
acid 
EAAC1 1,36 NA [23] 
Taurochenodeoxycholate OATP1A2 1,28 NA [25] 
Taurocholic acid OATP2B1,   
OATP1A2 
1,82 2,74 [19, 25] 
Unconjugated bilirubin OATP2B1 -1,41 NA [41] 
Bromosulfophthalein OATP2B1, 
OATP1A2 
0,55 1,72 [14, 25, 
33] 
Indican SLGT1 1,90 NA [37] 
Polybrominated diphenyl ether (47) OATP2B1 0.09 4,24 [42] 
Polybrominated diphenyl ether (99) OATP2B1 0.06 3,95 [42] 
Polybrominated diphenyl ether 
(153) 
OATP2B1   0.18 4,16 [42] 
Not used because descriptor calculation failed 
[D-penicillamine2,5] enkephalin OATP1A2 2,31 NA [43] 
Glibenclamide OATP2B1 0,79 2,05 [34] 
Ipratropium OCTN2 1,72 2,18 [44] 
Pitavastatin OATP2B1 0,06 0,86 [32] 
Tetraethylammonium OCTN2 2,48 1,92 [43] 
Acetyl-carnitine OCTN2 0,93 2,66 [26] 
Glycylsarcosine PEPT1 2,8 4,11 [45] 
Deltorphin II OATP1A2 2,52 NA [43] 
Ouabain OATP1A2 3,69 NA [29] 
Microcystin OATP1A2 1,3 NA [46] 
 
 
  
 
TABLE A5.4 KM AND EXPERIMENTAL CONDITIONS 
Comparison of KM of chemicals measured under different experimental conditions 
 Reported      Variation in… 
 TP Cell line pH Temp KM KM: max/min TP cell line pH Temp 
Aspartatic acid EAAC1 Oocytes 7,4 n.a. 34,0 3 no yes no n.a. 
 EAAC1 HEK 7,4 25 104,0      
Bromosulfophthalein OATP1A2 Oocyte 7,5 25 20,0 29 yes yes no yes 
 OATP2B1 MDCKII 7,3 37 3,4      
 OATP2B1 Oocyte 7,5 25 0,7      
Cefadroxil PEPT1 Oocyte n.a. 20 2500 2 no yes n.a. yes 
 PEPT1 Oocyte 6,5 37 1100      
DHEAS OATP1A2 Oocyte 7,5 25 6,6 1 yes yes no yes 
 OATP2B1 CHO 7,4 37 9,0      
Estrone-3-sulfate OATP1A2 oocytes 7,4 25 13,6 12 yes yes yes yes 
 OATP1A2 oocytes 7,5 25 59,0      
 OATP1A2 hela  7,4 n.a. 16,1      
 OATP2B1 MDCKII 7,3 37 14,0      
 OATP2B1 HEK293 7,4 37 20,9      
 OATP2B1 Oocyte 7,5 25 6,3      
 OATP2B1 HEK293 7,4 37 8,1      
 OATP2B1 HEK293 5,5 37 13,1      
 OATP2B1 CHO 7,4 37 5,0      
 OATP2B1 HEK293 5 37 7,1      
 OATP2B1 HEK293 7,5 37 7,1      
 OATP2B1  7,4 37 9,0      
       
 
L-cystein EAAC1 oocytes 7,5&8,5 n.a. 193,0 6 no yes yes check 
 EAAC1 HEK 7,4 25 31,3      
Rosuvastatin OATP1A2 Hela 6 similar at 7.4 37 2,6 1 yes no yes no 
 OATP2B1 Hela 6 similar at 7.4 37 2,4      
taurocholic acid OATP1A2 Oocyte 7,5 25 60,0 1 yes yes yes yes 
 OATP2B1 HEK293 5 37 71,8      
unoprostone carboxylate (M1) OATP1A2 Oocytes 7,5 25 93,0 1 yes no no no 
 OATP2B1 Oocytes 7,5 25 91,0      
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APPENDIX 6 
 
 
 
 
   
  
A6.1 ADDITIONAL INFORMATION ON THE METHODS 
A6.1.1 FLOWCHART DESCRIBING THE MODELLING APPROACH  
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A6.1.2 IN VITRO­ IN VIVO EXTRAPOLATION OF VMAX, KM AND RCM 
The in vitro vMAX with the units [pmol mgP-1 min-1] was converted to an in vivo vMAX per 
kg of a 70kg person and day [pmol kg-1 d-1] using the following procedure. The in vitro 
vMAX with the units [pmol mgP-1 min-1] can be scaled to per kg of a 70kg person [pmol 
kg-1 d-1] by accounting for the following factors: the typical total protein content of 
experimental cells and the enterocytes, respectively, the transport protein content in the 
experimental cells and in the enterocytes, respectively, the number of cells contained in 
the human small intestine and the typical human body weight (70kg). 
ݒெ஺௑,௜௡ ௩௜௩௢ ൌ
 ݒெ஺௑,௜௡ ௩௜௧௥௢ · ݐݕ݌݈݅ܿܽ ݌ݎ݋ݐ݁݅݊ ܿ݋݊ݐ݁݊ݐ ݅݊ ݒ݅ݒ݋ݐ݋ݐ݈ܽ ݌ݎ݋ݐ݁݅݊ ܿ݋݊ݐ݁݊ݐ ݅݊ ݒ݅ݐݎ݋   · ݐݕ݌݈݅ܿܽ ݌ݎ݋ݐ݁݅݊ ܿ݋݊ݐ݁݊ݐ ݌݁ݎ ݈݈ܿ݁  ·
ܽ݉݋ݑ݊ݐ ݋݂ ݅݊ݐ݁ݏݐ݈݅݊ܽ ݈݈ܿ݁ݏ ݌݁ݎ ܾ݋݀ݕ  · ଵ௧௬௣௜௖௔௟ ௕௢ௗ௬ ௪௘௜௚௛௧ ·
ݑ݊݅ݐ ܿ݋݊ݒ݁ݎݏ݅݋݊ ݂ݎ݋݉ ݉݅݊ݑݐ݁ݏ ݐ݋ ݀ܽݕ    (Equ-A6.1) 
The following assumptions were used for the extrapolation. First, it was assumed that 
the typical total protein content of all experimental cells were similar to the total protein 
content in Caco-2 cells, as the typical total protein content of the different cell lines 
deviated less than a factor of 3 from the typical total protein content of colon Caco-2 
cells [2-5]. Second, we assumed that the total protein content of the colon cell lines 
Caco-2 (4.9 · 10-7 mgP cell-1 [5]) was similar to the total protein content of the 
enterocytes in the small intestine. The ratio of the transport protein expression in vitro:in 
vivo was designated as “Fiviv” and further evaluated below. Third, it has been reported 
that the human small intestine typically contains 7.2 · 1011 cells [6].     
         
Using the values mentioned above, the vMAX, in vivo can be calculated as: 
ݒெ஺௑,௜௡ ௩௜௩௢ ൌ  ݒெ஺௑,௜௡ ௩௜௩௢ ·   ଵி೔ೡ೔ೡ · 4.9  ൉  10
ି଻  ௠௚ು௖௘௟௟   ·  7.2  ൉  10ଵଵ  
௖௘௟௟௦
௕௢ௗ௬   ·  
ଵ
଻଴ ೖ೒್೚೏೤
  ·
1400  ௠௜௡ௗ               (Equ-A6.2) 
Care should be taken for the units when calculating the carrier mediated resistance RCM, 
as the KM is typically reported in the unit µM (=µmol/L) and therefore needs to be 
converted to the units pmol/L in order to be consistent with the units of vMAX and the 
uptake model. The same applies to the luminal substrate concentration if reported or 
calculated in molar units.  
If the in vitro vMAX is reported in the units [pmol/mgtotal cell protein/min], and the KM and 
luminal substrate concentration [S] in the units [µmol/L], a simple conversion factor can 
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be used to calculate the in vivo carrier mediated resistance RCM,in vivo [d·kg/L] from the in 
vitro carrier mediated resistance RCM,in vitro [min·mgProtein/µL]: 
ܴ஼ெ,௜௡ ௩௜௩௢ ൌ 0.14  ൉   ௄ಾ,೔೙ ೡ೔೟ೝ೚ ሺ௜௡ ஜMሻ௩ಾಲ೉,೔೙ ೡ೔೟ೝ೚  ሺ௜௡ ௣௠௢௟ /௠௚೟೚೟ೌ೗ ೎೐೗೗ ೛ೝ೚೟೐೔೙ ൉௠௜௡ሻ ·ଵ ி೔ೡ೔ೡൗ ൌ 0.14  ൉
 ܴ஼ெ,௜௡ ௩௜௧௥௢        (Equ-A6.3) 
However, this conversion factor is only valid if the vMAX was measured in cell lines and 
thus normalized to the total protein content of cells. Sometimes, vMAX was measured 
using membrane vesicles and consequently was normalized per mg of total vesicle 
protein. In this case, the vMAX also needs to be corrected for the relative enrichment of 
transport protein. The enrichment can be approximated by the activity increase of 
marker molecule used to determine vesicle purity, which ranged in the studies used here 
from 12-17 times compared to the crude homogenates [7-8].   
The factor Fiviv was estimated by fitting the model including the carrier mediated 
transport to (sub) data sets of oral uptake efficiencies from hydrophilic nutrients and 
pharmaceuticals. The lipophilic nutrients were not included because the carrier-
mediated transport was not relevant for these substances (see results in the manuscript). 
Fitting was performed by minimizing the average RMSEmodel (Equ-12 in the manuscript) 
while adjusting Fiviv with Solver in Excel. The obtained results are listed below. The 
numerous amino acids had a strong influence on the fit with nutrients and were therefore 
excluded. Finally, a Fiviv of 100 was selected based on the RMSEmodel and the visual 
inspection of the residual plots. 
Table A6.1.2.1 Fitted in vitro-in vivo factor (Fiviv) and RMSEmodel for data (sub) sets. 
Data (sub) set Fiviv fitted RMSEmodel 
All pharmaceuticals 110 22 
All hydrophilic nutrients 34 9 
Hydrophilic nutrients without amino acids 88 10 
All pharmaceuticals + all hydrophilic nutrients 24 14 
All pharmaceuticals + hydrophilic nutrients without 
amino acids 
104 17 
Selected Fiviv 100  
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Figure A6.1.3.1 Residual plots of the pharmaceuticals (left) and hydrophilic nutrients 
(right) for a Fiviv of 100 (top) and 24 (bottom). 
 
 
A6.1.3 CONVERSION FROM ALLOMETRIC SCALING TO PER KG OF A 70KG 
PERSON 
All parameters from [1] were used for the toxicokinetic model (see Table 1 in the 
manuscript). All resistances (ρ) and flow delays (1/γ) from reference [1] were converted 
to describe the resistance and flow delays of a person with a weight (w) of 70 kg using  
 
Ri = ρx,i ∙ w κ       (Equ-A6.4) 
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A6.2  MEASURED AND ESTIMATED VALUES USED IN THIS STUDY 
TABLE A6.2.1: CHEMICALS WITH DOSE, MEASURED UPTAKE EFFICIENCY 
(E) AND REFERENCES 
Chemical Dose  
[mg] 
E 
[%] 
References 
PHARMACEUTICALS    
Dose dependent    
Amoxicillin 250 97 [9] 
 500 93 
 1000 89 
Cefatrizine 250 74,5 [10] 
 500 76 
 1000 51 
Ceftibuten 200 67,9 [11] 
 400 62,4 
 800 52,7 
Metformin 86 96 [12-13] 
 61 93 
 42 80 
Methyldopa 250 41 [14] 
 750 25 [15] 
Dose independent 
   
Captopril 10 84 [14, 16] 
 150 84 
Cefaclor 250 90 [17] 
Cefadroxil  45 100 [14, 18-19] 
  250 79 
 5 mg/kg ·70kg 91 
 500 88 
 1000 91/76 
 30 mg/kg ·70kg 100 
Cephalexin  250 100 [14, 19] 
 1000 100 
Cephradine  [S]<<KM 95 [20] 
Fluvastatin 2 98 [14, 21-22] 
 10 98 
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Chemical Dose  
[mg] 
E 
[%] 
References 
Levodopa  3.8mg/kg ·70kg 86 [14, 23] 
 7.7mg/kg·70kg 86 
 15.4mg/kg·70kg 86 
Levofloxacin  50 99 [24-25] 
 1000 99 
Loracarbef 100 100 [14, 26] 
 500 100 
Midodrine  [S]<<KM 93 [27], this study 
Pitavastatin  [S]<<KM 80 [21], this study 
Lisinopril  10 
20 
29 
27 
[28-29] 
Other    
Ipratropium   20 3,3 [30] 
NUTRIENTS 
   
Amino acids    
Alanine 1710 µmol/La 90 [31-32] 
Arginine 1830 µmol/La 90 [31-32] 
Asparagine 525 µmol/La 90 [31-32] 
Aspartic acid 1320 µmol/La 90 [31-32] 
Cysteine [S]=KM 90 [31], this study 
Glutamic acid 2510 µmol/La 90 [31-32] 
Glutamine 525 µmol/La 90 [31-32] 
Glycine 530 µmol/La 90 [31-32] 
Leucine 2700 µmol/La 90 [31-32] 
Lysine 4980 µmol/La 90 [31-32] 
Isoleucine 810 µmol/La 90 [31-32] 
Methionine 550 µmol/La 90 [31-32] 
Phenylalanine 1530 µmol/La 90 [31-32] 
Proline 680 µmol/La 90 [31-32] 
Serine 950 µmol/La 90 [31-32] 
Threonine 1020 µmol/La 90 [31-32] 
Tryptophan [S]=KM 90 [31], this study 
Tyrosine 1420 µmol/La 90 [31-32] 
Valine 1460 µmol/La 90 [31-32] 
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Chemical Dose  
[mg] 
E 
[%] 
References 
Sugars 
   
Glucose 200µmol/Lb 
24000µmol/Lb 
48000µmol/Lb 
95 [33] 
Galactose [S]=KM 95 [33] 
Fructose [S]=KM 95 [33] 
Water-soluble vitamins 
   
Vit C 180 70 [34-36] 
 1500 50 
 12000 16 
Vit B1 Thiamine 1 30 [35] 
 2.5 21 
 5 8.7 
 10 6.4 
 20 3.7 
Vit B2 riboflavin 0.625 62.5 [35] 
 1.556 62.2 
 2.96 59.2 
 5.8 58 
 12.68 63.4 
Vit B3 (niacin) 24 
 
89 [37] 
Vit B6 Pyridoxine and its 
derivatives 
[S]=KM 90 [38], this study 
Vit B7 Biotin  [S]=KM 95 [39], this study 
Vit B9 folic acid  [S]=KM 100 [40], this study 
Lipids 
   
C4 butyric acid  100 [41] 
C6OOH  100 [41] 
C8OOH  100 [41] 
C10OOH  100 [41] 
C12OOH  100 [41] 
C14OOH  100 [41] 
C16OOH  100 [41] 
C18OOH  100 [41] 
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Chemical Dose  
[mg] 
E 
[%] 
References 
Fat soluble vitamines 
   
Vit A retinol   87 [42] 
Vit D cholecalciferol  77 [42] 
Vit E Tocopherols  55 [42] 
Vit K phylloquinone  51 [42] 
aFor these amino acids direct measurements of luminal concentration taken from [32].  
bEquals the minimum, average, and maximum measured glucose concentration in 
humans [43] 
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TABLE A6.2.2 CHEMICALS WITH VMAX, KM, KOW AND A 
Overview on chemicals and the data availability for vMAX, KM, logKow and hydrogen 
bond donor strength A 
Chemical KMa
[µM] 
vMAXa
[pmol/mgProtein/mi
n] 
Ref logKowb Ac 
PHARMACEUTICALS     
Dose-dependent      
Amoxicillin  1.77 2.74  0.87 1.55 
Cefatrizine 1.35 2.45  -1.21 2.08 
Ceftibuten  2.85 3.49 [44] -1.42 1.64 
Metformin  3.12 4.23  -2.64 0.57 
Methyldopa  1.95 2.87  -1.79 1.56 
Dose-independent or unclear  
Captopril  2.30 3.11  0.34 0.57 
Cefaclor 3.81 4.22 [45] 0.35 1.06 
Cefadroxil  3.22 3.75 [46-47] -0.08 1.55 
Cephalexin  3.72 3.81 [48] 0.65 1.06 
Cephradine 3.92 4.24 [45] 0.41 1.06 
Fluvastatin  -0.15 1.36 [49] 4.85 1.2 
Levodopa  1.99 2.89  -2.74 1.56 
Levofloxacin  2.20 3.04 [50] -0.2 0.57 
Loracarbef  1.74 2.72  0.41 1.06 
Midodrine  3.65 4.06 [51] -0.94 0.71 
Pitavastatin  0.07 0.78 [52] 4.82 1.25 
Difficult chemicals 
Lisinopril 1.56 2.59  -1.22 1.49 
Ipratropium  1.72 2.18 [53] 1.3 0.31 
 
NUTRIENTS 
Amino acids 
Alanine 4.20 4.44 [54] -2.85 0.78 
Arginine 2.27 1.89 [55] -4.2 1.26 
Aspargine 2.62 3.33  -3.82 1.27 
Aspartic acid 1.69 2.69 [54] -3.89 1.18 
Cysteine 1.94 2.86 [54] -2.49 0.78 
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Chemical KMa
[µM] 
vMAXa
[pmol/mgProtein/mi
n] 
Ref logKowb Ac 
Glutamic acid 2.77 3.44 [54] -3.69 1.35 
Glutamine 2.92 2.53 [8, 56] -3.64 1.27 
Glycine 4.20 4.44 [54] -3.21 0.78 
Leucine 3.00 2.15 [7-8, 
54] 
-1.52 0.78 
Lysine 3.39 3.88 [57] -3.05 0.99 
Isoleucine 2.44 3.20  -1.7 0.78 
Methionine 3.38 3.87 [54] -1.87 0.78 
Proline 3.30 3.79 [58] -2.54 0.71 
Serine 2.88 3.52  -3.07 1.03 
Phenylalanine 3.38 3.87 [54] -1.38 0.78 
Valine 2.71 3.39  -2.26 0.78 
Threonine 2.85 3.49  -2.94 1.03 
Tryptophan 0.94 2.16  -1.06 1.09 
Tyrosine 1.46 2.52  -2.26 1.28 
Sugars 
     
Glucose 3.78d 4.14 [43, 59] -3.24 1.21 
Galactose 2.30 3.11  -3.24 1.21 
Fructose 4.00 4.3  -1.46 1.31 
Water soluble vitamins 
Vit C 1.65 2.66 [60] -1.9 1.12 
Vit B1 Thiamine 0.50 0.65 [61] -3.9 0.54 
Vit B2 Riboflavin -0.52 0.84 [62] -1.4 1.33 
Vit B3 (Niacin) -0.27 1.31 [38] 0.4 0.57 
Vit B6 Pyridoxine and 
its derivatives 
1.07 1.35 [63] -0.8 0.94 
Vit B7 Biotin  1.29 1.11 [64] 0.4 0.95 
Vit B9 Folic acid  0.60 1.92 [65] -2.8 1.84 
Lipids 
     
C4 butyric acid Not relevant  0.79 0.57 
C6OOH Not relevant  1.92 0.57 
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Chemical KMa
[µM] 
vMAXa
[pmol/mgProtein/mi
n] 
Ref logKowb Ac 
C8OOH Not relevant  3.05 0.57 
C10OOH Not relevant  4.09 0.57 
C12OOH Not relevant  4.6 0.57 
C14OOH Not relevant  6.11 0.57 
C16OOH Not relevant  7.17 0.57 
C18OOH Not relevant  8.23 0.57 
Fat soluble vitamines 
Vit A Retinol  Not relevant 6.5 0 
Vit D Cholecalciferol Not relevant 10.4 0.31 
Vit E Tocopherols Not relevant 12.2 0.31 
Vit K Phylloquinone Not relevant 11.71 0 
aunderlined values were estimated using regression A and D in Chapter 5 btaken from 
Episuite, Kowwin v1.68  ctaken from ACD labs dvalues reported in vivo  
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A6.3 MODEL ESTIMATIONS FOR VARYING DOSES 
FIGURE A6.3.1: ORAL UPTAKE EFFICIENCY OF HYDROPHILIC NUTRIENTS 
Oral uptake efficiency of hydrophilic nutrients at different doses or luminal 
concentrationsa 
 
anot shown are the nutrients where the uptake efficiency was only available for one dose 
or where it was assumed that [S]=KM, i.e. all amino acids, galactose, fructose, and 
vitamins B3, B6, B7, B9 
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FIGURE A6.3.2 ORAL UPTAKE EFFICIENCY OF PHARMACEUTICALS   
Oral uptake efficiency of pharmaceuticals at different doses (♦KM measured , ◊KM 
estimated)a 
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anot shown are the pharmaceuticals where the uptake efficiency was only available for 
one dose or where it was assumed that [S]=KM, i.e. cephradine, cefaclor and midodrine.  
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A6.4  ORAL UPTAKE EFFICIENCY OF NUTRIENTS ALONG THE KOW  
FIGURE A6.4.1  
Measured uptake efficiencies [%] of nutrients with error bars reflecting the range of 
reported uptake efficiencies. Also shown are model predictions for hypothetical 
chemicals that are taken up solely by passive diffusion (“Pass Diff”, solid lines), and for 
chemicals that are also substrate for transport proteins (“Pass Diff + Carr Med”, dashed 
lines). Model scenarios are shown for fictive chemicals with weaker (e.g. A=0.5) and 
stronger (A=1.5) hydrogen bond donor as well as carrier- mediated resistances 
corresponding to the upper and lower limit of the typical observed vMAX/KM ratio of 
influx transporters (Rcm=0.001 and 0.1, respectively). 
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Chemicals are intentionally or unintentionally released into the environment 
potentially causing harm to organisms. Several national and international laws 
have come into force and require the assessment of all chemicals regarding their 
potential to damage human health and the environment. Due to practical, ethical 
and financial restrictions, not every chemical can be tested, and models are 
needed to screen untested chemicals regarding their potential risk.  
Toxicokinetic models estimate the concentration in an organism based on the 
chemical concentration in the environment. Environmental toxicokinetic models 
take into account different uptake and elimination routes, and were originally 
developed for modelling the toxicokinetics of stable hydrophobic chemicals in 
various species. However, there is a need to refine the estimation of chemicals 
which are less hydrophobic (e.g. logKow<3). Furthermore, additional uptake and 
elimination routes need to be added in order to deal with new potential threats, 
such as the pollutant uptake through ingestion of marine plastic debris. 
The overall aim of this thesis was to improve and extend the estimation of the 
oral uptake of hydrophilic and hydrophobic chemicals in aquatic and terrestrial 
species, including humans. The first part of the thesis focused on the risk 
assessment of marine plastic debris, i.e. how chemicals sorb to different types of 
plastic, and to what extent the chemical is transferred to the marine species after 
plastic ingestion (Chapter 2 and 3). The amount of plastic waste in oceans, seas 
and coastal areas is increasing, and it has been shown that marine species ingest 
the plastic debris. There are concerns that ingestion of plastic debris might pose 
an additional exposure to persistent organic pollutants or plastic additives 
contained in the plastic. In order to assess the exposure, it is of crucial 
importance to estimate the contaminant concentration in the plastic type, and to 
understand whether there are differences between the different plastics. The 
second part deals with the oral uptake prediction of (hydrophilic) chemicals in 
mammals, with emphasis on the diffusive and carrier-mediated transport of 
chemicals over cell membranes (Chapter 4-6). So far, environmental 
toxicokinetic models have mainly focused on hydrophobic chemicals, and less 
attention has been paid for hydrophilic chemicals. Many models use octanol as a 
single surrogate for the membrane and thus neglect the bilayer structure of the 
membrane, even though chemicals with polar groups can have different 
affinities for the different membrane regions. In addition, carrier-mediated 
uptake can increase the transport rate over the membrane and thus lead to a 
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higher uptake than estimated from passive diffusion only. Finally, the results 
obtained in this thesis are discussed in Chapter 7.  
In chapter 2, we collected plastic water partition coefficients for a diverse set of 
organic chemicals (logKow ranging from 0.9 to 9) for seven plastics types: 
polydimethylsiloxane (PDMS), different types of polyethylene (LDPE, HDPE, 
UHMWPE), polystyrene (PS), polypropylene (PP) and polyvinyl chloride 
(PVC). Most data was available for PDMS (1060), and much less for LDPE 
(220), and the remaining plastics (73). Regression models were developed for 
the LDPE and PDMS, and the partitioning of the chemicals was compared to 
the remaining plastics. The data available support previous findings that 
partitioning of chemicals follows the order of LDPE ≈ HDPE ≥ PP > PVC and 
PS, and the differences were quantified where possible. However, more data is 
needed to better understand the partitioning into the different types of plastics.  
In chapter 3, transfer of sorbed organic contaminants DDT, phenanthrene (Phe) 
and bis-2-ethylhexyl phthalate (DEHP) from microscopic particles of 
polyvinylchloride (PVC) and polyethylene (PE) to the lugworm, a fish and a 
seabird was modelled using  the toxicokinetic model OMEGA (Optimal 
Modeling for EcotoxicoloGical Applications). Using environmental 
concentrations of the contaminants at the bottom and the top of published 
ranges, and assuming scenarios where 1, 5 and even 50% by weight of plastics 
was ingested; the predicted concentrations of DDT, Phe and DEHP were rarely 
significantly different in the presence of plastics than in the absence of plastics. 
Based on the assumptions of the model, plastic ingestion was therefore 
predicted to have a negligible impact on internal concentrations in organisms.  
In chapter 4, the toxicokinetic model was extended by dividing the diffusion 
resistance through the membrane into an outer and inner membrane resistance, 
where the solvents octanol and heptane were used as surrogates for these 
membrane regions, respectively. The model was calibrated with uptake 
efficiencies of environmental pollutants measured in different mammals during 
feeding studies combined with human oral uptake efficiencies of 
pharmaceuticals. The new model estimated the uptake efficiency of neutral and 
dissociating chemicals with logKow ranging from −10 to +8. The inclusion of the 
Khw improved uptake estimation for 33% of the hydrophilic chemicals 
(logKow<0) (r2=0.51, Root Mean Square Error RMSE=23%) compared with the 
model based on Kow only (r2=0.05, RMSE=35%), while hydrophobic chemicals 
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(logKow>0) were estimated equally by both model versions (RMSE≈16%). The 
model can be used to estimate the oral uptake efficiency for both hydrophilic 
and hydrophobic chemicals. 
In Chapter 5, carrier-mediated uptake was assessed by identifying molecular 
descriptors that account for differences in uptake kinetics between substances. 
We collected data for the Michaelis-Menten constant KM and the maximum 
uptake rate vMAX of pharmaceuticals, endobiotics/endogenous compounds, 
environmental contaminants, and other chemicals, i.e. indican and 
bromosulfophthalein. Kinetic parameters were measured in in vitro studies 
using transport proteins expressed in the apical membrane of the human 
intestinal enterocytes. We found that most logKM and logvMAX values of the 
different transport proteins and chemicals were highly correlated (r2=0.76, 
RMSEFIT=0.53 logunits), while the clearance rate log(vMAX/KM) of most 
chemicals deviated less than one order of magnitude from the mean of 0.96 
µL/mgprotein/min. The best model for logKM consisted of the descriptors maximal 
projection radius, positive charge, solvent accessible positively charged surface 
area, hydrogen bond acceptor count and aromatic atom count (r2=0.56, 
RMSE=0.86). The best model for logvMAX included the maximal projection 
radius only (r2=0.39, RMSE=0.88). Our study provides a first insight into 
descriptors relevant for carrier-mediated intesti 
In Chapter 6, carrier-mediated transport was incorporated into a toxicokinetic 
model originally developed for passive diffusion only. The predictions were 
compared with measured oral uptake efficiencies of nutrients and 
pharmaceuticals, i.e. the fraction of the chemical reaching systemic circulation. 
Including carrier-mediated uptake improved model predictions of hydrophilic 
nutrients (RMSE=10% vs 55%) and pharmaceuticals (RMSE=22% vs 28%). 
However, further improvements are needed, in particular a more accurate 
estimation of vMAX and KM as well as a determination of the amount of 
expressed and functional transport protein content both in vivo and in vitro.  
Finally, in Chapter 7 the models developed in this thesis are discussed regarding 
their potential to extrapolate to other chemicals and organisms. It is concluded 
that the models regarding marine plastic debris and the extended oral uptake 
model for passive diffusion are generally directly applicable to other chemicals 
and species. However, the impact of plastic ingestion on internal concentration 
in organism was predicted to be negligible. In contrast, it remains uncertain if 
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and to what extent the models involving carrier mediated transport can be 
extrapolated to other chemicals and other species. Even though the model 
extensions proposed in this thesis clearly improved the oral uptake estimation of 
particularly hydrophilic chemicals, further refinements such as an improved 
vMAX and KM estimation including knowledge on the amount of expressed and 
functional transport proteins are needed. 
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Chemicaliën worden – bewust of onbewust – naar het milieu geëmitteerd, waar 
ze schade kunnen toebrengen aan organismen in de natuur. Er zijn verschillende 
nationale en internationale wetten opgesteld om deze risico`s van synthetische 
chemische stoffen te beoordelen. Op grond van praktische, ethische en 
financiële beperkingen is het niet haalbaar om de risico’s van elke stof 
afzonderlijk experimenteel vast te stellen. Daarom worden mathematische 
modellen gebruikt om de risico`s van niet-geteste chemische stoffen in te 
schatten. 
Toxicokinetische modellen voorspellen de concentratie van chemicaliën in 
organismen op basis van de concentratie in het milieu. Ze houden rekening met 
verschillende opname- en eliminatiemechanismen, en zijn oorspronkelijk 
ontwikkeld om de toxicokinetiek van persistente, hydrofobe chemicaliën in 
verschillende organismen te schatten. Omdat niet alleen persistente, hydrofobe 
chemicaliën in het milieu terechtkomen, is het belangrijk om ook de 
toxicokinetiek van hydrofiele chemicaliën (logKow<3) te voorspellen. Daarnaast 
richten de huidige modellen zich voornamelijk op passieve opnameprocessen 
zoals diffusie. Om nieuwe scenario`s te kunnen modelleren, zoals de opname 
van schadelijke stoffen in zeedieren door het inslikken van plastic afval, moeten 
nieuwe opname- en eliminatiemechanismes aan de modellen worden 
toegevoegd. 
Het hoofddoel van dit proefschrift is om de huidige modellen voor schatting van 
de orale opname van chemicaliën in aquatische en terrestrische dieren te 
verbeteren en uit te breiden. Het eerste deel van dit proefschrift gaat over de 
blootstelling van mariene dieren aan chemische stoffen in plastic afval, namelijk 
de absorptie van chemicaliën uit zeewater in verschillende soorten plastic, en de 
hoeveelheid van deze geabsorbeerde chemicaliën die door mariene organismen 
wordt opgenomen nadat het dier het plastic heeft ingeslikt (hoofdstuk 2 en 3). 
De hoeveelheid plastic afval in oceanen, zeeën en kusten neemt voortdurend 
toe. Het is bekend dat mariene dieren plastic deeltjes kunnen inslikken en er zijn 
zorgen dat hierdoor de blootstelling aan schadelijke stoffen voor deze dieren 
toeneemt. Om deze blootstellingsroute te kwantificeren is het belangrijk om vast 
te stellen hoeveel van de schadelijke stoffen in het zeewater absorberen in 
plastic, en of er verschillen in absorptiecapaciteit bestaan tussen de 
verschillende soorten plastic. Het tweede deel van dit proefschrift gaat over de 
orale opname van (hydrofiele) chemicaliën in zoogdieren, waarbij vooral is 
gekeken naar de diffusie en het carrier-mediated transport over het celmembraan 
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(hoofdstuk 4-6). Tot nu toe hebben toxicokinetische modellen zich vooral 
gericht op hydrofobe stoffen en minder op hydrofiele stoffen. Zo gebruiken de 
meeste modellen octanol als enige surrogaat voor celmembranen en houden 
daarmee geen rekening met de bipolaire membraanstructuur. Polaire 
chemicaliën kunnen verschillende affiniteiten hebben voor de twee 
verschillende membraanlagen. Daarnaast kan carrier-mediated opname tot een 
hogere opname van stoffen leiden dan verwacht op grond van passieve diffusie 
alleen. In hoofdstuk 7 worden de resultaten van de voorafgaande hoofdstukken 
in onderlinge samenhang bediscussieerd en geïntegreerd. 
In hoofdstuk 2 hebben we plastic-water partitiecoëfficiënten verzameld voor 
diverse chemicaliën (logKow van 0.9 tot 9) en zeven verschillende soorten 
plastic, te weten polydimethylsiloxaan (PDMS), drie verschillende soorten 
polyethyleen (LDPE, HDPE, UHMWPE), polystyreen (PS), polypropyleen (PP) 
en polyvinylchloride (PVC). De meeste data waren beschikbaar voor PDMS 
(1060), en veel minder voor LDPE (220) en de andere plastics (73). We hebben 
regressiemodellen ontwikkeld voor de twee plastics met de meeste data (LDPE 
en PDMS), en de absorptie van chemicaliën vergeleken tussen de verschillende 
plastics. De verkregen resultaten bevestigen eerdere onderzoeksresultaten dat 
chemicaliën het sterkst accumuleren in LDPE en HDPE, gevolgd door 
achtereenvolgens PP, PVS en PS, en de verschillen zijn waar mogelijk 
gekwantificeerd. Het is echter ook duidelijk geworden dat er meer data nodig 
zijn om de partitie in de verschillende soorten plastic beter te begrijpen.  
In hoofdstuk 3 is de overdracht van geabsorbeerde organische stoffen zoals 
DDT, fenantreen (Phe) en bis-2-ethylhexylftalaat (DEHP) van microscopische 
plasticdeeltjes (polyvinylchloride en polyethyleen) naar een zeepier, een vis en 
een zeevogel met het OMEGA model gemodelleerd. We gebruikten de laagste 
en hoogste zeewaterconcentraties die werden gerapporteerd in de 
wetenschappelijke literatuur, en simuleerden 3 scenario`s waarbij respectievelijk 
1, 5, en 50% van het voedsel uit plastic bestond. De voorspelde concentraties in 
dieren die wel of geen plastic hadden ingeslikt bleken nauwelijks significant te 
verschillen.  
In hoofdstuk 4 hebben we het bestaande toxicokinetische model OMEGA 
uitgebreid door de diffusieweerstand door het membraan in een binnenste en 
buitenste membraanweerstand te splitsen. Hiervoor hebben we de 
oplosmiddelen octanol en heptaan als surrogaat gebruikt voor respectievelijk de 
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binnenste en buitenste membraanlaag. Het model is gecalibreerd met gemeten 
orale opnamefracties van schadelijke stoffen in verschillende zoogdieren en met 
gemeten orale opnamefracties van medicijnen in mensen. Het nieuwe model 
voorspelt de orale opnamefracties van neutrale en dissociërende chemicaliën 
met een logKow van -10 tot +8. Door de heptaan-water partitiecoëfficiënt (Khw) 
te gebruiken (r2=0.51; Root Mean Square Error RMSE=23%) verbeterde de 
modelschatting voor 33% van de hydrofiele chemicaliën (logKow<0) vergeleken 
met het model dat alleen de Kow gebruikt (r2=0.05, RMSE=35%). Voor 
hydrofobe stoffen was er geen verschil tussen de beide modellen (RMSE≈16% 
voor beide modellen). Het verbeterde model kan worden gebruikt om de orale 
opnamefractie van zowel hydrofiele als hydrofobe stoffen te schatten.  
Hoofdstuk 5 beschrijft de analyse van ‘carrier-mediated’ transport. Er worden 
moleculaire descriptoren geïdentificeerd die de variatie in 
membraantransportkinetiek van verschillende stoffen kunnen verklaren. We 
verzamelden data voor de Michaelis-Menten constante KM en de maximale 
reactiesnelheid vMAX van medicijnen, endobiotische/endogene stoffen, 
milieuschadelijke stoffen, en andere stoffen, zoals indican en 
bromosulfophthalein. Alle kinetische parameters zijn in in vitro studies gemeten 
met een transporteiwit dat normaal gesproken in het buitenste membraan van 
menselijke enterocyten van het maagdarmkanaal tot expressie wordt gebracht. 
We ontdekten dat de meeste logKM- en logvMAX-waarden van verschillende 
transporteiwitten en chemicaliën gecorreleerd zijn (r2=0.76, RMSEFIT=0.53 log 
unit), terwijl de transport snelheidsconstante log(vMAX/KM) van de meeste 
chemicaliën minder dan een factor tien van de gemiddelde waarde (0.96 
µL/mgprotein/min) verschilt. Het beste model voor logKM bestond uit de volgende 
descriptoren: (1) maximale projectieradius, (2) positieve lading, (3) het voor 
opgeloste stoffen bereikbare positief geladen oppervlak, (4) het aantal 
waterstofbrugacceptoren, en (5) het aantal aromatische atomen. Het beste model 
voor logvMAX bestond uitsluitend uit de maximale projectieradius. Onze studie 
geeft een eerste inzicht in de descriptoren die relevant zijn voor carrier-mediated 
transport van stoffen in het maagdarmkanaal. 
In hoofdstuk 6 hebben we ‘carrier-mediated’ transport in het OMEGA model 
ingebouwd. De voorspellingen van het nieuwe model werden vergeleken met de 
orale opname-efficiëntie van voedingsstoffen en medicijnen. Door het 
meenemen carrier-mediated transport verbeterde de schatting voor hydrofiele 
voedingsstoffen (RMSE=10% vs 55%) en medicijnen (RMSE=22% vs 28%). 
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Maar er zijn meer verbeteringen nodig, zoals een nauwkeuriger schatting van 
vMAX en KM, en de bepaling van de hoeveelheid functionele transporteiwitten die 
in vitro en in vivo tot expressie worden gebracht.  
Hoofdstuk 7 gaat in op de vraag of en hoe de geoptimaliseerde modellen kunnen 
worden gebruikt voor nieuwe stoffen en andere organismen. Er lijken geen grote 
belemmeringen om de modellen voor marien plastic afval en het uitgebreide 
model voor passieve diffusie voor nieuwe stoffen en andere diersoorten te 
gebruiken. Op dit moment is het echter nog te vroeg om de modellen voor 
carrier-mediated transport al voor nieuwe stoffen en andere diersoorten te 
gebruiken. Hoewel deze modellen de schatting van de orale opname voor de 
onderzochte chemicaliën duidelijk verbeterden, zijn verdere verbeteringen 
noodzakelijk, zoals een betere schatting van vMAX and KM, en de bepaling van 
de hoeveelheid functionele transporteiwitten die in vitro en in vivo tot expressie 
worden gebracht.   
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